University of Kentucky

UKnowledge
Theses and Dissertations--Toxicology and
Cancer Biology

Toxicology and Cancer Biology

2019

MULTIGENERATIONAL GENOMIC AND EPIGENETIC EFFECTS OF
MANUFACTURED SILVER NANOMATERIALS IN CAENORHABDITIS

ELEGANS
Anye Wamucho
University of Kentucky, awa244@g.uky.edu
Digital Object Identifier: https://doi.org/10.13023/etd.2019.146

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation
Wamucho, Anye, "MULTIGENERATIONAL GENOMIC AND EPIGENETIC EFFECTS OF MANUFACTURED
SILVER NANOMATERIALS IN CAENORHABDITIS ELEGANS" (2019). Theses and Dissertations--Toxicology
and Cancer Biology. 26.
https://uknowledge.uky.edu/toxicology_etds/26

This Doctoral Dissertation is brought to you for free and open access by the Toxicology and Cancer Biology at
UKnowledge. It has been accepted for inclusion in Theses and Dissertations--Toxicology and Cancer Biology by an
authorized administrator of UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu.

STUDENT AGREEMENT:
I represent that my thesis or dissertation and abstract are my original work. Proper attribution
has been given to all outside sources. I understand that I am solely responsible for obtaining
any needed copyright permissions. I have obtained needed written permission statement(s)
from the owner(s) of each third-party copyrighted matter to be included in my work, allowing
electronic distribution (if such use is not permitted by the fair use doctrine) which will be
submitted to UKnowledge as Additional File.
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and
royalty-free license to archive and make accessible my work in whole or in part in all forms of
media, now or hereafter known. I agree that the document mentioned above may be made
available immediately for worldwide access unless an embargo applies.
I retain all other ownership rights to the copyright of my work. I also retain the right to use in
future works (such as articles or books) all or part of my work. I understand that I am free to
register the copyright to my work.
REVIEW, APPROVAL AND ACCEPTANCE
The document mentioned above has been reviewed and accepted by the student’s advisor, on
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of
the program; we verify that this is the final, approved version of the student’s thesis including all
changes required by the advisory committee. The undersigned agree to abide by the statements
above.
Anye Wamucho, Student
Dr. Olga V. Tsyusko, Major Professor
Dr. Isabel Mellon, Director of Graduate Studies

MULTIGENERATIONAL GENOMIC AND EPIGENETIC EFFECTS OF
MANUFACTURED SILVER NANOMATERIALS IN CAENORHABDITIS ELEGANS

DISSERTATION
A dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in the
College of Medicine
at the University of Kentucky
By
Anye Wamucho
Lexington, Kentucky
Director: Dr. Olga V. Tsyusko, Associate Professor of Plant and Soil Sciences
Lexington, Kentucky
2019
Copyright © Anye Wamucho 2019

ABSTRACT OF DISSERTATION
MULTIGENERATIONAL GENOMIC AND EPIGENETIC EFFECTS OF
MANUFACTURED SILVER NANOMATERIALS IN CAENORHABDITIS ELEGANS
There has been an increase in the incorporation of silver nanomaterials into
consumer products due to their antimicrobial properties. Therefore there is potential for
silver nanoparticles (Ag-NPs) to leach out into the environment during different lifecycle stages of these nanomaterial-containing products. Concern about the toxicity of
Ag-NPs has led to investigations into their toxic effects on a variety of organisms mainly
using acute and sub-chronic, single-generation exposures. The focus of this project was
to understand the effects of long-term continuous multigenerational exposure to AgNO3
and Ag-NPs in both pristine and environmentally transformed forms, on the model
organism, Caenorhabditis elegans, a soil nematode.
A previous multigenerational C. elegans study, showed increased sensitivity in
terms of reproductive toxicity, in response to AgNO3 and Ag-NPs, but not sulfidized AgNPs (sAg-NPs), with increasing generations of exposure. The reproductive toxicity
persisted in subsequently unexposed generations even after rescue from the exposure.
We hypothesized that genomic mutations and/or epigenetic changes were possible
mechanisms by which the reproductive toxicity was inherited. We investigated the
potential for induction of germline mutations in C. elegans after exposures for ten
generations to AgNO3, Ag-NPs, and sAg-NPs using whole genome DNA sequencing.
Epigenetic changes at histone methylation markers, (H3K4me2 and H3K9me3), and
DNA methylation at adenosine (N6-methyl-2’-deoxyadenosine) were investigated after
multigenerational exposure as well as after rescue from the exposure using enzymelinked immunosorbent assays (ELISA) and liquid chromatography with tandem mass
spectrometry (LC-MS/MS), respectively. Expression levels of the genes of
methyltransferases and demethylases, associated with the histone methylation markers
and DNA methylation, were also examined.
Our results for germline mutations reveal no significant differences between the
nematodes exposed to AgNO3 or pristine Ag-NPs when compared to controls. The
significant increase in the number of transversion was observed only for sAg-NPs.
However, a trend toward an increase in the total number of mutations was observed in all

Ag treatments with some of those mutations having a predicted moderate or high impact.
This potentially contributed towards reproductive as well as growth toxicity shown
previously after ten generations of exposure in every treatment.. These results did not
entirely support the multigenerational reproductive toxicity observed previously.
Epigenetic responses at histone methylation markers revealed opposite patterns between
pristine and transformed Ag-NPs with Ag-NPs causing a significant increase while
exposure to sAg-NPs resulted in significant decrease in methylation at H3K4me2 mark.
The increase in H3K4me2 levels was also inherited by subsequent unexposed generations
rescued from Ag-NP exposure. Only sAg-NPs caused a significant decrease in
methylation at H3K9me3 mark. Changes in mRNA levels for histone methyltransferases
and demethylase corresponded with the histone methylation levels affected by Ag-NPs
and sAg-NPs. For DNA methylation, a significant increase was observed only for
AgNO3, which was not inherited after the rescue.
In conclusion, while germline mutations with a high or moderate impact may
affect reproduction, our results do not support this as a mechanism for the heritable
increase in C. elegans sensitivity to reproductive toxicity from AgNO3 and pristine AgNPs. The epigenetic changes, however, do show partial correlation with the observed
reproductive toxicity. The reproductive multigenerational effects of AgNO3 can be
attributed to changes in DNA methylation whereas that of Ag-NPs can be attributed to
changes in histone methylation. Further studies, focused on the investigation of changes
in histone and DNA methylation levels at specific loci using chromatin
immunoprecipitation sequencing (ChIP-Seq) and methylated DNA immunoprecipitation
sequencing (MeDIP-Seq), respectively, are warranted for a better understanding of the
impact of such changes.
KEYWORDS: DNA methylation, Histone methylation, Multigenerational toxicity,
Mutation, Nematode, Silver Nanomaterials
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Chapter 1 Introduction
1.1 Silver Nanoparticles and their Applications
Silver nanoparticles (Ag-NPs) are particles of elemental silver with a size range
between 1 and 100 nm in at least one dimension. Silver nanoparticles are produced
synthetically by reducing Ag ions [1-3]; however, naturally occurring Ag-NPs are also
present in the environment in special circumstances [4, 5]. Silver NPs are valued for
their antimicrobial, optical and conductive properties [6, 7]. This has resulted in the
widespread application of Ag-NPs in the industrial and biomedical sectors [8-10]. Silver
NPs are used by themselves or in combination with other materials in electronics as
optical sensors, semiconductors, conductive fillers, and in solar cells [11-13]. Due to its
high volume to surface area, with increased reactive sites, it is also used as a catalyst in
redox reactions [14, 15]. One of the most prominent applications of Ag-NPs is its
incorporation into consumer goods and health products for sterilization due to their
antimicrobial properties [10, 16-18].
Silver, had been used as an antimicrobial and was one of the most effective
antimicrobials prior to the introduction of antibiotics in the 1940s [19]. It was used for
water sterilization and as a prophylactic treatment for burns [19, 20]. Even though the
use of Ag diminished after the introduction of antibiotics, the application of topical Ag,
for example silver sulfadiazine, as an antimicrobial is once again gaining grounds owing
to the emergence and increase of antibiotic resistance [21]. As such, the antimicrobial
properties of Ag-NPs have been investigated [22-24] and Ag-NPs are currently used for
for its antimicrobial properties. Proposed antibacterial mechanisms include disruption of
the cell wall, oxidative stress through the generation of reactive oxygen species,
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inactivation of vital enzymes by released Ag ions, and DNA damage [22, 23, 25]. In
addition to its antimicrobial properties, Ag-NPs have also been shown to have antifungal
[26-28] and antiviral activity [29, 30] thus acting as a broad spectrum biocide. Binding
of Ag-NPs to viral envelope glycoproteins, blocking of virus-host cell binding,
inactivation of virus particles prior to cell entry, interaction with double-stranded
DNA/RNA and/or binding to viral particles are some of the modes of action against
viruses [30].
Over the years, there has been increasing use of Ag-NPs in consumer and health
products due to its antimicrobial properties [31]. Textiles have been impregnated with
Ag-NPs to limit the growth of bacteria. Several studies demonstrated that Ag-NPs in
cotton fibers had antimicrobial activity and limited the growth of bacteria, even after
being subjected to a couple of washes [32, 33]. The antimicrobial properties of Ag-NPs
are also exploited in wound dressings, catheters, and other medical devices to prevent the
growth of bacteria that can lead to infections [21, 34-37]. The food industry also exploits
this property in food packaging to increase food shelf life [38-40]. The optical properties
of Ag-NPs have been exploited in the domain of colorimetric biosensors for the detection
of food pathogens [41, 42]. Cosmetics, toothbrushes, toothpastes, toys, shampoos, paints,
cleaning products and other household appliances are also known to contain Ag-NPs [16,
31, 43, 44]. Therefore there is a widespread use of Ag-NPs across different disciplines
to control the growth of microorganisms on surfaces and in solutions.
In 2015, Vance et al., carried out an analysis of consumer products in the market
advertised to contain nanomaterials from several countries [45]. This study revealed AgNPs to be the most used nanomaterial in the consumer products recorded. A similar
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analysis by Hansen et al., on products containing nanomaterials in the European market,
also revealed Ag as the most used nanomaterials [46]. However, not all of the consumer
products listed specify the type of nanomaterials they contain. Hence, the reports from
these studies are based on consumer products that clearly identify the types of
nanomaterials used. Vance et al., reported that out of a total of 1814 products, only 47%
(846) of these products identified the type of nanomaterial used, with slightly over half of
the total (438 products) reported to contain Ag-NPs.
1.2 Fate of Silver Nanoparticles from Consumer Products
1.2.1 Release of Silver Nanoparticles from Consumer Products
Silver nanoparticles can be introduced in the environment during production, as
well as during the usage and disposal of consumer products, thereby increasing the
environmental concentration of Ag. It has been demonstrated that Ag-NPs incorporated
into consumer products leach out over time as ionic Ag or Ag-NPs. Benn and Westerhoff
[47] demonstrated the release of Ag-NPs of varying sizes from commercial clothing
(socks) into water during washing. The release of Ag-NPs from textiles is dependent on
the method used for incorporation and the washing conditions such as detergents and pH
[48]. In another study by Ben et al.[44], over 10 consumer products (shirt, medical mask
and cloth, toothpaste, shampoo, detergent, towel, teddy bear, two humidifiers) advertised
to contain ionic Ag, colloidal Ag, or Ag-NPs, were acquired, the presence of Ag in these
products, confirmed, and then tested for the release of Ag. It was confirmed that Ag was
released from these products, in some cases as Ag-NPs, in varying amounts and sizes
after washing with tap water. The release of Ag-NPs from paint was investigated using a
model house exposed to ambient weather condition for one year [49]. Analysis of
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samples collected from individual rain events contained Ag-NPs. Commercial
toothbrushes containing Ag-NPs released Ag after abrasion in water for 24 h [50]. This
suggests that Ag-NPs from these products will eventually end up in the environment.
1.2.2 Silver Nanoparticles in the Environment
The production, use, and disposal of products containing Ag-NPs are potential
sources from which Ag-NPs can be introduced into the environment. Based on the
manufacturing process or the use of products containing Ag-NPs, there are several routes
of entry into the environment. Manufacturing processes which carry out aerosolization of
Ag-NPs, as well as the use of Ag-NPs-containing disinfectant or deodorant sprays may
lead to the release of Ag-NPs into the atmosphere [51, 52]. It is generally accepted in
literature that most of the Ag-NPs released from consumer products end up in wastewater
treatment plants (WWTP), where they mainly partition into sewage sludge [53-55]. The
sludge may then be applied on land as fertilizer for agricultural purposes, thus
introducing Ag-NPs into soils. Even consumer products which retain most of the
incorporated Ag-NPs eventually end up in thermal waste plants or landfills [56] leading
to Ag-NPs soil contamination. The aquatic environment is also susceptible to Ag-NP
contamination through surface runoff from contaminated soils or leaching of Ag-NPs
from landfills [47, 52, 55]. Airborne Ag-NPs may eventually be deposited to soil or
water [54]. A global life cycle release of several engineered nanomaterials showed that
most of the engineered nanomaterials eventually end up in landfills (63-91 %) and soils
(8-28 %), followed by the aquatic environment (0.4-7 %), and then air (0.1-1.5 %) [57].
Sun et al., showed that this was true for Ag-NPs through a probabilistic emission study
which demonstrated that Ag-NPs mainly end up in landfills and wastewater [58].
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The lack of adequate analytical methods has made it difficult to determine the
actual contribution of engineered Ag-NPs to the total amount of Ag in the environment
[59]. Another challenge is distinguishing between naturally occurring nanomaterials in
the environment from engineered nanomaterials [60]. Despite this short-coming, several
efforts have been made to predict the environmental concentration of Ag-NPs and other
engineered nanomaterials in the environment using models [55, 59, 61]. Most of the
models used depend on the production volumes as well as the life cycle of the engineered
nanomaterial-containing products, which are not readily available or accurate. A recent
analysis using models predicted the environmental concentration of Ag contributed by
engineered Ag-NPs in different environmental compartments [62]. For freshwater, a
range from a few pg/L to some ng/L was predicted for 2017. The predicted values for
freshwater were two- and sixfold higher in 2030 and 2050, respectively, with a probable
range of approximately 100 pg/L to 10 ng/L in 2050. The predicted range for marine
waters was below pg/L levels in 2017 and up to 1 pg/L in 2050. Fresh water sediment
concentration ranged from a few pg/kg in 2017 to few mg/kg in 2050, and was ten fold
higher than marine sediments. Agricultural, natural, and urban soils had a predicted
range of 30 pg/kg for 2017 and up to 10 µg/kg in 2050. Sewage treated soils had the
highest predicted values, with a factor of between 30-40 times higher than agricultural
soil. Predicted atmospheric concentrations ranged from low or below pg/m3 in 2017 to a
few ng/m3 in 2050. The 2017 levels were the minimum, while the 2050 levels were the
maximum predicted environmental concentrations. These predictions suggest that AgNPs are most likely to end up in soils and fresh water. These predicted environmental
concentrations were confirmed to be true by the authors who investigated the
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concentrations of Ag-NPs and reported the values to be very similar to the predicted
values [62]. However, they also argue that the concentrations of Ag-NPs and other
nanomaterials may be higher at point sources such as production plant falls and waste
water treatment plants.
1.2.3 Environmental Transformations of Silver Nanoparticles
The environmental transformation depends on the physicochemical properties of
Ag-NPs such as size, shape, charge, concentration, and surface coatings used as well as
the environmental conditions [52, 63, 64]. It is important to understand the
environmental transformation processes that take place, as these transformations alter the
physicochemical properties of these particles, hence, the way they interact with the
environment.
The Ag-NPs tend to aggregate, and their aggregation is determined by both the
properties of the Ag-NPs as well as the composition of the surrounding media. Homoaggregation (aggregation between Ag-NPs) is likely to occur in homogenous solutions in
laboratory settings whereas hetero-aggregation (aggregation with other ligands) is
expected in the environment, for example, with natural organic matter (NOM) [65, 66].
The size of Ag-NPs is a very important factor, with smaller sizes favoring aggregation,
owing to their high mobility and increase in surface free energy [67]. An increase in the
concentration of Ag-NPs in suspension increases aggregation as the likelihood of contact
increases [68]. Ionic strength is another important factor for aggregation, with increased
aggregation under high ionic strength conditions [69-71]. The charge of Ag-NPs, which
is pH dependent, also affects aggregation. At a pH which confers a net zero charge,
electrostatic repulsion is minimized leading to aggregation [72]. The aggregation
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tendencies of bare Ag-NPs can be reduced by coating the surfaces with stabilizing agents
[73, 74]. Interactions occurring during hetero-aggregation, for instance with NOM, can
stabilize the NPs in the environment and determine their fate and transport [75, 76].
Oxidative dissolution of Ag-NPs occurs in oxygen-rich environments. Firstly,
oxidation of Ag (0) occurs ,which results in the generation of Ag (I) that can interact with
negatively charged ligands such as chloride or sulfide in the environment [2, 63, 77]. The
size of Ag-NPs affects this process, with smaller Ag-NPs dissolving more than larger AgNPs under similar conditions because of their higher surface area [77-79]. Aggregation
of Ag-NPs, which is likely to happen under high Ag-NP concentrations, decreases
dissolution as the surface area available decreases with increasing aggregation [80, 81].
Dissolution was shown to be concentration dependent, with higher dissolution at lower
Ag-NP concentrations [82]. Liu and Hurt [83] demonstrated that dissolution increased
with increase in temperature, decreased with an increase in pH, and decreased with
increasing natural organic matter. Coating materials such as polivinylpyrrolidone (PVP)
and citrate are used for steric and electrostatic stabilization, respectively, of Ag-NPs in
suspension. The coatings also affect the dissolution generally reducing the dissolution
rate compared to uncoated particles [74, 84]. The type of coating also affects dissolution
rate as PVP-coated Ag-NPs were shown to have a slower rate of dissolution compared to
citrate-coated Ag-NPs in freshwater and seawater [85]. Dissolution has been
demonstrated in different complex media such as fresh and sea water [85, 86], as well as
soil and soil suspensions [87-89].
Sulfidation is one of the most prominent transformations of Ag-NPs in the
environment which results in the formation of Ag2S, or sulfidized Ag-NPs (s-Ag-NPs).
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This happens when Ag-NPs enter S-rich environmental compartments such as the waste
water treatment plants (WWTP) where sAg-NPs are formed. Just like dissolution, the
sulfidation process also requires an initial oxidation step [90]. The study by Kaegi et al.,
on the fate and transformation of Ag-NPs in urban wastewaters demonstrated that AgNPs are efficiently transported to WWTP and become partially or fully sulfidized in a
size-dependent manner [91]. Complete sulfidation of Ag-NPs to form sAg-NPs and
precipitation of Ag ions released from Ag-NPs as Ag2S in pilot wastewater treatment has
been observed [92]. Lowry et al., using simulated large scale freshwater emergent
wetlands demonstrated that Ag-NPs were sulfidized in terrestrial soils as well as in
subaquatic sediments [93]. Kim et al., detected sAg-NPs in the final stage of sewage
sludge from WWTP [94]. It has been determined that coatings do not prevent the
sulfidation process [91, 95]. Sulfidation also affects properties of Ag-NPs and as such,
their interaction with the environment. For example, Ag2S is extremely insoluble, greatly
decreasing the release of Ag [95].
1.3 Ecotoxicity of Silver Nanoparticles
The release of engineered Ag-NPs into different environmental compartments has
raised concerns about their toxicity to different organisms. As discussed earlier, the AgNPs released from production or use and disposal of consumer products eventually end
up primarily in soils and water, placing aquatic and soil organisms at risk of exposure.
Phytotoxicity of Ag-NPs has been reported, though beneficial effects have also been
observed in some studies [96-101]. In one study, where wetland plants were exposed to
AgNO3 and Ag-NPs with two different coatings polyvinylpyrrolidone (PVP)- and gum
arabic (GA), different effects on plant growth were observed in response to GA versus
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PVP-coated Ag-NPs [100]. In another study, seed germination of Lolium multiflorum, a
common grass, was significantly reduced when exposed to GA-coated Ag-NPs in a sizedependent manner, with smaller Ag-NPs being more toxic [99]. It was also shown in this
study that exposure to supernatants of ultra-centrifuged Ag-NPs (solutions with particles
removed) or an equivalent mass of Ag from AgNO3 did not cause the toxicity observed
for Ag-NPs. These results suggest that the properties of the Ag-NPs, such as size and
coatings affect toxicity, and that toxicity cannot be fully explained by dissolution alone as
the AgNO3 at an equivalent mass of Ag did not produce the same toxicity as the GAcoated Ag-NPs. Exposure of aquatic organisms to Ag-NPs also revealed toxicity [102106]. Different Daphnia species and zebrafish showed decreased survival when exposed
to Ag-NPs and AgNO3, and the toxicity from Ag-NPs could not be fully explained by
dissolution as well [103]. Negative effects on reproduction and swimming behavior of
Daphnia magna have also been reported[104].
Silver NPs toxicity has also been investigated in soil organisms [82, 107-112].
Bioaccumulation of Ag from both AgNO3 and Ag-NPs exposure in the earthworm,
Eisenia fetida, resulted in reproductive toxicity, with the Ag-NP toxicity mainly
attributed to dissolution of Ag-NPs within tissues [108]. A 48 hour delayed avoidance
response of E. fetida towards soils dosed with Ag-NPs, at concentrations lower than
those at which reproductive toxicity occurred, has been observed [113]. When E. fetida
were exposed to ionic silver, the avoidance was immediate. Though Ag uptake from
soils dosed with both AgNO3 and Ag-NPs was observed for the soil arthropod Folsomia
candida, toxicity in terms of reproduction and survival was observed only for AgNO3,
possibly due to the significantly higher elimination of Ag for Ag-NPs compared to

9

AgNO3 [109]. A comparison study showed that toxicity of AgNO3 and Ag-NPs to some
soil-dwelling organisms was organism and soil-type related, with AgNO3 being more
toxic than Ag-NPs in most cases [110]. Considering that Ag-NPs are a source of ionic
Ag, F. candida and other soil organisms are still at risk in an Ag-NPs contaminated
environment.
A review by Bondarenko et al., summarized results from toxicity studies of Ag,
CuO, and ZnO NPs on different organisms and determined that Ag-NPs were the most
toxic based on concentrations used for toxicity testing [114]. In this section, the focus is
mostly on the toxicity of Ag-NPs to a model organism Caenorhabditis elegans, which
has been used extensively for studying Ag-NP toxicity with a plethora of data available
on both ecotoxicological endpoints and potential mechanisms of Ag-NP toxicity.
1.3.1 Caenorhabditis elegans as a model organism
Caenorhabditis elegans is a soil nematode that has been already extensively used
as a model organism for the study of nanoparticle toxicity including for multigenerational
effects [115, 116]. As such, there is a plethora of data available on NP toxicity to C.
elegans. They are mainly hermaphrodites with a short life cycle (3-4 day generation
time) and are capable of producing up to 200 – 300 offspring per adult nematode during
their entire lifespan [117]. The large number of offspring makes it convenient for relative
in vivo high-throughput assays. It has a high degree of homology with higher animals,
with 60 – 80% of its genes having human homologues [118]. The C. elegans genome
has been fully sequenced, and mutant strains are also readily available [119]. There are
also an increasing number of studies on C. elegans epigenetics [120]. RNA interference
technology (RNAi) by which dsRNA silences or suppresses gene expression was
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discovered in C. elegans [119]. One of the three Nobel prizes in C. elegans research was
awarded in 2006 to Andrew Fire and Craig Mello for RNAi discovery.

Until recently,

DNA methylation was considered to be absent in the C. elegans genome. Greer et al.,
demonstrated that C. elegans DNA is methylated at the 6th position of the adenine ring
[121]. In addition, the same study provided evidence for interplay between histone
methylation and DNA methylation in C. elegans using a mutant strain. These epigenetic
modifications have been implicated in physiological processes such as reproduction in C.
elegans [121, 122], even in response to stressors [123-125]. These advantages, in
addition to its ease of maintenance, make C. elegans an ideal model organism for
multigenerational studies, especially for investigating genetic and epigenetic mechanisms
[120, 126].
1.3.2 Uptake and Toxicity: Effects of Environmental Transformations
The uptake of Ag by C. elegans exposed to Ag-NPs has been illustrated using
hyperspectral dark field microscopy [112, 127], and synchrotron-based X-ray
fluorescence microscopy [82]. The effects of environmental transformations, such as
sulfidation and interactions with natural organic matter (NOM), on bioavailability and
toxicity have been investigated. While NOM did not reduce the bioavailability of AgNPs [112], sulfidation was shown to reduce Ag-NPs bioavailability to C. elegans [82],
illustrating the importance of taking into considerations these environmental
transformations when estimating potential risk from the NP exposure. The Ag-NPs
ingested by C. elegans were mainly detected in the gut [112]. Intracellular uptake has
been demonstrated as well, with Ag-NPs detected in the embryo, suggesting the potential
for transgenerational transfer [128]. Interestingly, only citrate-coated Ag-NPs and not
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polyvinylpyrrolidone (PVP)-coated Ag-NPs were detected in the embryo. This indicates
that the type of coating used to stabilize the Ag-NPs during synthesis may play a role in
their bioavailability and toxicity.
Most of the nanotoxicity studies measured toxicological endpoints such as
growth, survival, life span, and reproduction in C. elegans exposed to pristine “as
synthesized” Ag-NPs. Several studies have demonstrated a negative impact of Ag-NPs
on these endpoints, with reproduction being the most sensitive endpoint measured [82,
112, 128-130]. Due to the release of Ag ions from Ag-NPs, the role played by ionic Ag
in Ag-NP toxicity has been evaluated by including AgNO3 treatment as well as
measuring dissolution of Ag-NPs in the exposure media. The effects of NOM, as well as
sulfidation on Ag-NPs toxicity have also been investigated [82, 129]. Starnes et al.
revealed that, though AgNO3 is more toxic than Ag-NPs, only a fraction of Ag-NPs
toxicity can be explained by dissolution [82]. This study also showed that sulfidation
reduces the toxicity of pristine Ag-NPs, by decreasing dissolution and reducing
bioavailabilityof the sAg-NPs themselves. Levard et al., reported a significant decrease
in the dissolution of Ag-NPs after sulfidation [95], and later demonstrated that this
reduced toxicity in C. elegans and other model organisms [131, 132]. The effect of
dissolution is also supported by the report that Ag-NPs with different surface coatings
showed a variable degree of toxicity which could be explained, in part, by the differences
in the dissolution rates [133]. A difference in gene expression patterns in response to
exposure of C. elegans to AgNO3, Ag-NPs, and sAg-NPs suggests that different
mechanisms of toxicity are involved [82, 127]. Exposures in the presence of two types of
NOM , Suwannee River and Pony Lake fulvic acids (SRFA and PLFA, respectively),
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reduced both Ag-NO3 and Ag-NPs toxicity, with PLFA being more effective than the
SRFA [112]. This decrease in toxicity was attributed to the decrease in bioavailability of
Ag from AgNO3 in the presence of NOM. This same effect was not observed for the AgNPs as NOM did not decrease the Ag bioavailability. The authors proposed that it could
however, decrease intracellular uptake. Toxicity of sAg-NPs was also investigated in the
presence of three different NOMs namely Pony Lake (PLFA), Suwannee River (SRFA)
and Pahokee Peat fulvic acid (PPFA). Despite PLFA causing an increase in dissolution
of sAg-NPs, while the others caused a decrease in dissolution, they were all still able to
reduce the toxicity of sAg-NPs due to binding of released Ag ions by the NOM [129].
Therefore the toxicity of Ag-NPs is greatly influenced by their environment as
demonstrated by these studies.
1.3.3 Proposed Molecular Mechanisms of Silver Nanoparticle Toxicity
Molecular mechanisms of Ag-NP toxicity have been investigated and several
mechanisms have been proposed [115]. One of the most accepted mechanisms of
toxicity is through oxidative stress, caused by the direct production of reactive oxygen
species (ROS) by Ag-NPs or indirectly through the release of Ag ions and toxicity to
organelles such as the mitochondria [127, 133-136]. A pharmacological rescue
experiment was performed using N-acetylcysteine (an antioxidant with sulfhydryl groups
that can sequester free Ag ion) and trolox (an antioxidant lacking sulfhydryl groups).
The results from the study indicated that some of the toxicity mediated by Ag-NPs could
be attributed to the release of free Ag ions as well as oxidative stress caused by the AgNPs [133]. While N-acetylcysteine (NAC) was able to rescue AgNO3 toxicity, trolox did
not, resulting in the conclusion that oxidative stress was not involved in AgNO3 toxicity
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in this study. NAC was able to rescue toxicity for Ag-NPs tested which had different
sizes and coatings. Trolox rescued Ag-NP toxicity for all Ag-NPs tested except for the
smallest size, indicating that at smaller sizes, much of the toxicity is caused by ionic Ag
released from Ag-NPs. These results were confirmed in the same study by using C.
elegans deletion mutants which showed that metal chelating mutants (pcs-1 and mtl-2)
were sensitive to both ionic Ag and all Ag-NPs tested whereas oxidative stress mutants
(mev-1 and sod-3) were more sensitive to the Ag-NPs. Roh et al. performed gene
expression analysis after exposure of C. elegans to AgNO3 and Ag-NPs[127]. The gene
expression results also suggested that oxidative stress was more relevant to Ag-NPs than
ionic Ag. Exposure to Ag-NPs induced expression of mitochondrial (sod-3), a gene
encoding antioxidant superoxide dismutase, whereas exposure to ionic Ag resulted in
upregulation of heat shock proteins.
The involvement of signaling pathways in response to Ag-NPs exposure has been
illustrated. Increased ROS formation from Ag-NPs in C. elegans induced the
upregulation and activation of mitogen-activated protein kinase (pmk-1), an orthologue to
human P38 MAPK. The pmk-1 dependent transcription factor hif-1 (Hypoxia-inducible
factor-1) was also shown to be upregulated. Glutathione s-transferase (GST) activity was
determined to be higher in exposed C. elegans, possibly as a result of the signaling
cascade. A follow up to the study showed that the HIF-1 pathway was due to oxidative
stress and not depletion of dissolved oxygen, and the pathway was involved in both ionic
Ag (AgNO3) and Ag-NP toxicity [137]. However, they revealed that the amount of ionic
Ag from Ag-NPs did not fully explain the toxicity observed for Ag-NPs. Though there
may be some similarities in toxicity mechanisms, it has been demonstrated that C.
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elegans exposed to ionic Ag and Ag-NPs have different transcriptomic profiles [127,
138]. Starnes et al., demonstrated using dissolution studies that only a fraction of the AgNPs toxicity could be explained by ionic Ag and that the ionic Ag effect was more
evident at lower Ag-NPs concentrations [82].
Another extensive study measured oxidative stress, mitochondrial toxicity, DNA
damage and sensitivity of mutants to ionic Ag (AgNO3) and Ag-NPs [134]. The mutant
sensitivity test revealed that though ionic Ag and Ag-NPs toxicity may be mediated by
similar pathways (pmk-1), other pathways are involved which may differentiate ionic Ag
and Ag-NP toxicity. This study measured oxidative stress by using 2, 7dichlorofluoroscein diacetate (DCFH-DA) staining. Unlike the other studies, both ionic
Ag and Ag-NPs caused oxidative stress. However, pharmacological rescue using NAC
and trolox suggested that oxidative stress was more relevant to Ag-NP toxicity than ionic
Ag. Mitochondria toxicity was also reported after exposure to ionic Ag and Ag-NPs by
measuring mitochondrial membrane potential using fluorescence microscopy.
Mitochondrial toxicity may lead to more ROS production thereby exacerbating oxidative
stress [139]. Analysis of the 8-oxoguanine levels by enzyme-linked immunosorbent
assay (ELISA) showed that Ag-NPs caused stronger oxidative DNA damage than ionic
Ag [134]. In addition to oxidative DNA damage, DNA strand breaks, induction of DNA
damage checkpoint, and apoptosis have been detected in C. elegans after exposure to AgNPs [140]. It was revealed in this study that pmk-1 mutants accumulated higher levels of
oxidized DNA damage, implicating this pathway in DNA repair. It was confirmed that
Ag-NPs exposure induced higher ndx-4 (8-oxo-dGTPase) expression levels, which
encodes an enzyme that hydrolyses 8-oxoguanine. Exposure of pmk-1 mutants failed to
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induce the higher expression of ndx-4, suggesting that the pmk-1 pathway is required for
nxd-4 up-regulation. Interestingly, pmk-1 mutants were more sensitive to Ag-NPs
exposure compared to wild type C. elegans [134]. Human cell line exposure also
implicated p38 MAPK activation, DNA damage, cell cycle arrest, and apoptosis as
possible mechanisms of Ag-NPs toxicity [135].
Despite the efforts made to understand the mechanisms of Ag-NP toxicity, these
studies mainly focused on the effects after short-term acute exposures performed for a
few hours or sub-chronic exposures for a few days on a single generation. Recently,
multigenerational exposures have been performed to determine if there are any
multigenerational or transgenerational effects associated with Ag-NP exposures.
Multigenerational effects refer to toxic effects observed during continuous exposures
while transgenerational effects are effects that are observed in subsequent unexposed
generations.
1.3.4 Multigenerational and Transgenerational Toxicity
There is growing evidence that nanomaterials can cause multigenerational and
transgenerational toxicity in different model organisms. Kim et al. reported no effects on
C. elegans F0 generation exposed to gold NPs, but detected decreased reproduction in the
F2 generation with gradual recovery for subsequent generations [141]. Transgenerational
toxicity in terms of reproduction and survival has also been reported after exposure of
Drosophila melanogaster to Ag-NPs [142, 143]. Arndt et al., exposed a single
generation (F0) of Daphnia magna to carbon nanomaterials and observed decreased
survival and reproduction in F1 and F2 generations [144]. Differential increases in
multigenerational toxicity have also been observed in three species of Daphnia in
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response to Ag-NPs [145]. In that study, the authors also demonstrated the adverse
effects of mutigenerational toxicity on the intrinsic rate of population growth. Therefore
such multi- and transgenerational effects induced by exposure to nanomaterials in
terrestrial and aquatic organisms can eventually result in population-level effects with a
potential risk for the terrestrial and aquatic ecosystems.
1.3.5 Multigenerational and Transgenerational toxicity of Silver Nanoparticles in C.
elegans
Both multigenerational and transgenerational toxicities have been observed after
exposure of C. elegans to Ag-NPs in our previous study [116]. In this study, we exposed
C. elegans for ten generations to AgNO3, pristine Ag-NPs and sulfidized Ag-NPs (sAgNPs) during which a dose-response analysis on reproduction, growth and lifespan was
performed for each generation [116]. Continuous exposure to AgNO3 and Ag-NPs
caused an approximately 10-fold increase in sensitivity, in terms of reproductive toxicity,
in as early as the F2 generation which was sustained up to the tenth generation. Exposure
to sAg-NPs, however, did not have an adverse effect on reproduction until F10. After six
generations of exposure, a population of the nematodes were rescued from exposure for
all treatments and passed for another four generations. Sensitivity was tested for the last
generation after the rescue. Interestingly, the sensitivity to AgNO3 and pristine Ag-NPs
persisted in the rescued populations. Subtle increases in sensitivity was observed for
lifespan (sAg-NPs) and growth (all treatments) but were lost after rescue from exposures.
The most sensitive endpoint measured was reproduction. This led to the hypothesis that
changes in the epigenome may be involved. Luo et al., also demonstrated
transgenerational toxicity by measuring the number of germ cell corpses in the gonads
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and brood size of C. elegans in four generations after exposure of just the parental
generation to two different sizes of Ag-NPs [146]. The brood size was significantly
reduced for the exposed parental generation (F0) and the F1 generation. An increase in
germ cell corpses was observed for the exposed F0 as well as up to the F3 generations
when compared to unexposed control. The smaller sized Ag-NPs were more toxic and
exerted a more significant transgenerational toxic effect. These findings suggest possible
genetic damage across generations. Another multigenerational study using Ag-NPs
showed that multigenerational effects were size and concentration dependent, as the NP
sizes and concentrations showed different extents of toxicity on lifespan, growth,
reproduction, and locomotion [147]. In this study, which measured the endpoints for four
generations, reproduction was the most sensitive endpoint, with the smaller sized Ag-NPs
having a greater effect on reproduction, and the larger sized Ag-NPs having a greater
impact on lifespan. Therefore, there is growing evidence that Ag-NPs indeed induce
multi- and transgenerational toxicity in C. elegans. However, the mode of transfer of
toxicity to subsequent generations is yet to be elucidated despite all the reports on these
adverse multigenerational effects. It is therefore important to elucidate the possible
mechanisms by which these toxic effects of Ag-NPs are transferred to subsequent
generations for a better understanding of the risk of Ag-NPs to organisms in the
environment.
1.4 Research Objectives and Outline
The overall aim of this research was to elucidate the mode of transfer of
reproductive toxicity to subsequent generations of Caenorhabditis elegans after
multigenerational exposure to Ag-NPs and AgNO3 , even after exposure is ceased. We
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also aimed to understand how sulfidation of Ag-NPs, which is a primary transformation
process for these NPs in the environment, decreases multigenerational toxicity of AgNPs. Most toxicity studies have focused on acute and sub-chronic exposures, but there
is growing evidence of transgenerational toxicity. Despite recent findings of
transgenerational toxicity after exposure of C. elegans to Ag-NPs, there is still a large gap
in understanding the mechanism of inheritance of toxic effects. Human and ecological
risk assessment of Ag-NPs will not be complete without an understanding of these
transgenerational phenomena.
1.4.1 Research hypotheses
The hypotheses we tested in this research were:
1) Multigenerational exposure of C. elegans to Ag-NPs induces heritable germline
genomic mutations.
2) Multigenerational exposure of C. elegans induces epigenetic changes such as
DNA methylation and histone methylation which can be inherited
3) Ag-NP effects on genomic mutations and epigenetics will differ from that of
AgNO3 (used to mimic the release of Ag ions from Ag-NPs) and the
environmentally transformed sAg-NPs.
Considering that reproductive toxicity has been reported as the most sensitive
endpoint in several studies including the multigenerational studies, we start by
investigating potential mechanisms by which increased sensitivity to reproductive
toxicity from Ag can be inherited. The study by Luo et al., suggested the possibility of
genetic damage across generations [146]. Mechanistic studies using acute exposures
provided evidence of oxidative DNA damage [134]. Therefore, it is possible that DNA
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damage may lead to accumulation of heritable germline DNA mutations which may
compromise the fitness of the nematodes. Schultz et al., proposed that changes in the
epigenome may be responsible for the observed transgenerational toxicity [116]. Recent
evidence determined that DNA methylation (N6-methyl-2’-deoxyadenosine) levels
affected reproduction in a transgenerational manner [121]. Histone methylation markers,
specifically histone 3 lysine 4 dimethylation (H3K4me2) and histone 3 lysine 9
trimethylation (H3K9me3) also affect reproduction in a transgenerational manner [122].
There is also evidence of interplay between these DNA and histone modifications as C.
elegans spr-5 (H3K4me2 demethylase) mutants did not only show higher levels of
H3K4me2, but also increased DNA methylation and reduced H3K9me3 levels [121,
122]. Based on this analysis, we investigated theaccumulation of germline mutations as
well as changes in these three epigenetic marks that have been shown to affect
reproduction in the nematode C. elegans, as potential avenues through which the toxic
effects of Ag-NPs are inherited.
1.4.2 Dissertation Outline
Chapter 2 presents the findings on the accumulation of germline DNA mutations
after continuous exposure for ten generations to AgNO3, Ag-NPs and sAg-NPs which
addresses the first hypothesis. Chapter 3 evaluates changes in global levels of histone
methylation markers H3K4me2 and H3K9me3 prior to exposure (F0), after three
generations of exposure (F3) and after three generations of rescue from exposure (F6).
The gene expression levels of methyltransferases and demethylases associated with these
histone modifications were also investigated. Chapter 4 presents results on changes in
global DNA methylation levels which were analyzed prior to exposure (Fo), after two
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generations of exposure (F2), and after two generations of rescue from exposure (F4).
Gene expression analysis of the DNA methyltransferase and demethylase, performed on
samples obtained from Chapter 3 are also discussed. Chapter 5 summarizes the overall
findings of this dissertation research and suggests future directions to further improve the
significance of the findings in this study and foster the understanding of multi- and
transgenerational toxicity caused by Ag-NPs.
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Chapter 2: Genomic mutations after multigenerational exposure of Caenorhabditis
elegans to pristine and sulfidized silver nanoparticles
Submitted to the Journal of Nanotoxicology
Anye Wamucho, Jason M. Unrine, Troy J. Kieran,Travis C. Glenn, Carolin L. Schultz,
Mark Farman, Claus Svendsen, David J. Spurgeon, and Olga V. Tsyusko
2.1 Synopsis
Our previous study showed heritable reproductive toxicity in the nematode
Caenorhabditis elegans after multigenerational exposure to AgNO3 and silver
nanoparticles (Ag-NPs). The aim of this study was to determine whether such inheritable
effects are correlated with induced germline mutations in C. elegans. Individual C.
elegans lineages were exposed for ten generations to equitoxic concentrations at EC30 of
AgNO3, Ag-NPs, and sulfidized Ag-NPs (sAg-NPs), a predominant environmentally
transformed product of pristine Ag-NPs. The mutations were detected via whole genome
DNA sequencing approach by comparing F0 and F10 generations. An increase in the total
number of variants, though not statistically significant, was observed for all Ag
treatments and the variants were mainly contributed by single nucleotide polymorphisms
(SNPs). This potentially contributed towards reproductive as well as growth toxicity
shown previously after ten generations of exposure in every Ag treatment. However,
despite Ag-NPs and AgNO3 inducing stronger than sAg-NPs reproductive toxicity,
exposure to sAg-NPs resulted in higher mutation accumulation with significant increase
in the number of transversions. Thus our results suggest that other mechanisms of
inheritance, such as epigenetics, may be at play in Ag-NP- and AgNO3-induced
multigenerational and transgenerational reproductive toxicity.
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2.2 Introduction
The high surface area to volume ratio of nanoparticles (NPs) confers novel and
size-dependent properties that are otherwise absent in their bulk form. This has resulted
in the widespread application of NPs for industrial and medical purposes [148]. Silver
NPs (Ag-NPs) have been incorporated into a large number of nano-containing consumer
products due to their antimicrobial properties [45]. However, there has been an
increasing concern about the potential risk of releasing NPs into the environment during
and after their production and use [149].
One of the emerging areas in NP toxicity focuses on their potential to cause
multigenerational effects. Evidence exists for multigenerational effects of Ag-NPs, AuNPs, carbon (fullerenes, carbon nanotubes), and quantum dots (CdSe) in different model
organisms such as Drosophila melanogaster [142], Daphnia species [144, 145], and
Caenorhabditis elegans [116, 141, 147, 150]. In some studies, toxic effects were
observed in subsequent unexposed generations despite no observed toxicity in the
exposed parental generation [141, 144]. Continuous exposure of C. elegans over
multiple generations resulted in increased sensitivity to Ag-NPs in terms of reproductive
toxicity, growth, and mortality, with no recovery for some of the measured endpoints,
even after cessation of exposure for four generations [116, 147]. Caenorhabditis elegans
is a free-living soil nematode with a fully sequenced genome. They are primarily
hermaphrodites, capable of producing up to 200 – 300 offspring per adult worm during
their entire lifespan [117]. This ensures a sufficient number of offspring for propagation
across multiple generations.
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The significance of multigenerational studies can be strengthened by exploring
realistic environmental scenarios such as exposure to NPs that have undergone
environmental transformations. Nanoparticles released into the environment may
undergo physicochemical changes such as aggregation, dissolution, oxidation,
sulfidation, and interactions with natural organic matter that may influence their toxicity
and bioavailability [82, 95, 129, 131, 132]. So far, only two of these multigenerational
studies, both in C. elegans, have attempted to address the effect of such transformations,
focusing on dissolution [116, 150], and sulfidation [116]. Both studies, one focusing on
Ag-NPs and the other on CdSe quantum dots, implicated dissolution in observed toxicity.
In our recent study [116], C. elegans was continuously exposed for ten generations to
AgNO3, as-synthesized (pristine) Ag-NPs and sulfidized Ag-NPs (sAg-NPs). Sensitivity,
in terms of reproductive toxicity, increased in response to AgNO3 and Ag-NPs from as
early as the F2 generation but not for sAg-NPs. This increased sensitivity persisted up to
the F10 generation of continuous exposure. On the other hand, increased sensitivity to
multigenerational sAg-NPs exposure was observed only at the F10 generation for
reprodcution. Increased sensitivity in terms of growth was observed in this study at the
fifth generation for sAg-NPs which persisted to the tenth generation, whereas growth
sensitivity was observed only at the tenth generation for AgNO3 and Ag-NPs. Previous
sub-chronic exposure studies have also reported differences between Ag-NP and sAg-NP
biodistribution and transcriptomic responses in C. elegans, suggesting distinct
mechanisms of toxicity [82, 138]. Rescue populations, where exposure to AgNO3 and
Ag-NP was ceased after six generations, still maintained similar levels of sensitivity of
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reproductive toxicity for the next four generations without any exposure, suggesting that
the increased sensitivity was heritable.
Potential mechanisms by which the observed multigenerational effects persisted
in subsequent generations have not been explored. Maternal transfer of Ag has been
documented previously in the nematodes exposed to Ag-NPs [112]. Nonetheless, the
amount of Ag that can be transferred to the eggs is minimal to cause the significant
reproductive toxicity in the offspring observed in our previous study. Also, the maternal
transfer would not explain why this sensitivity persisted in the rescue populations. We
hypothesize that genetic mutations and/or epigenetic changes were likely to be
responsible for the increased multigenerational reproductive sensitivity observed in our
previous study with Ag-NPs. In the multigenerational study, the potential for induced
germline mutations by Ag-NPs was investigated using a whole genome sequencing
approach. Induction of mutations in humans has been implicated in various diseases such
as premature aging, and cancer [151-153]. Increase in the frequency of mutations in the
genome can result in genomic instability which can have an adverse effect on Darwinian
fitness. Considering the molecular mechanisms implicated in Ag-NP toxicity such as
oxidative DNA damage [140], single and double strand breaks [154], and cell cycle arrest
[134], it is possible that oxidative DNA damage and strand breakage may lead to single
nucleotide polymorphisms (SNPs), deletions and insertions in the genome. This could
compromise the fitness of the exposed population as well as the rescued population
leading to transferred Ag sensitivity. The objective of the present study was to
investigate the occurrence and accumulation of SNPs, insertions, and deletions, as well as
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mutations at selected microsatellite loci, after multiple generations of continuous
exposure to Ag-NPs, sAg-NPs and AgNO3.
2.3 Materials and Methods
2.3.1 Silver nanoparticle synthesis and characterization
Polyvinylpyrrolidone (PVP)-coated Ag-NPs were synthesized as previously
described [155]. The same batch of Ag-NPs used by Starnes et al. [82] and Schultz et al.
[116] was used in this study. Sulfidation was performed by combining Ag-NPs with
Na2S at a 2:1 molar ratio of S to Ag. The mixture was incubated at room temperature for
4 h open to the atmosphere. The tube was capped and sealed and incubated at room
temperature for an additional week. The sulfidized Ag-NPs (sAg-NPs) were separated
from the reaction solution and washed thrice with 18 MΩ deionized water. Complete
sulfidation was confirmed by powder X-ray diffraction (X’Pert Pro, Malvern
PANalytical, Malvern, UK).
Characterization of Ag-NPs was described in our previous studies [82, 116]. The
transmission electron microscopy (TEM) primary particle sizes were reported to be 58.3
± 12.9 nm for PVP coated Ag-NPs and 64.5 ± 19.4 nm for sAg-NPs [82]. Upon addition
of Ag-NPs and sAg-NPs into the simulated soil pore water (SSPW) [156] used for the
exposure experiments, the volume weighted sizes were determined by dynamic light
scattering to be 66.26 ± 34.33nm and 60.73 ± 20.67 nm respectively. The stability of the
particles in SSPW was investigated over 72 h corresponding to the total exposure time.
After the 72 h period, the Ag-NPs and volume weighted sizes were 68.87 ± 30.38 nm for
Ag-NPs and 68.64 ± 20.78 nm for sAg-NPs. The zeta potential of Ag-NPs, and sAg-NPs
in the SSPW were -5.3 and -15.7 mV respectively. The dissolution for Ag-NPs and sAg-
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NPs in SSPW, determined via ultrafiltration, was reported in our previous study, which
used the same NPs and exposure media, as 1.5 ± 0.1% for Ag-NPs and 0.023 ± 0.002%
for sAg-NPs [116].
Inductively coupled plasma-mass spectrometry (ICP-MS) was used to confirm
stock and exposure Ag concentrations for AgNO3, Ag-NPs, and sAg-NPs. Samples from
exposure solutions were preserved in 0.13 M trace-metal grade HCl. Prior to ICP-MS
analysis, AgNO3 were further diluted with 0.13 M HCl. The Ag-NP and sAg-NPs
samples were microwave digested by open vessel and closed vessel digestion
respectively using concentrated, trace-metal grade HNO3 and HCl. The digests were
diluted with 18 MΩ deionized water (DI) to 0.45 M HNO3 and 0.13 M HCl before
analyses. Concentrations were found to be 67.7 ± 12%, 92 ± 17.8%, and 67.2 ± 4.4 % of
the nominal values of AgNO3, Ag-NPs, and sAg-NPs, respectively.
2.3.2 Nematode exposures
Caenorhabditis elegans (N2) was acquired from the Caenorhabditis Genetics
Center (University of Minnesota, USA). Exposures were performed on nematode
lineages for ten generations at 20 oC in the dark as illustrated in Fig. 2.1. Each lineage
was established using single worm descent to maximize the fixation rate for mutations
generated in the prior generation(s). Exposures were conducted in simulated soil pore
water (SSPW) designed specifically to mimic natural soil solution ionic strength and
composition [116, 156].
Age synchronization using NaClO/NaOH solution was performed and eggs were
placed on a 10 cm SSPW agar plate seeded with a uracil deficient E. coli strain, OP50, as
a food source [116]. After 48 h, a single L3 hermaphrodite nematode was transferred to a
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fresh plate and allowed to reproduce for 72 h. Single L3 juveniles, four per treatment
group (control, AgNO3, pristine Ag-NPs, and sAg-NPs), were then transferred to
individual fresh 10 cm agar plates which contained 1.5 mL SSPW with the OP50 food
source at an optical density (540 nm) of 0.35 (SSPW/OP50 suspension) to start the F0
population for each lineage. A self-fertilized parent was, therefore, the sole contributor to
the next generation with four separated replicate inbreed populations per treatment.
Each nematode was allowed to mature and reproduce for 72 h after which single L3
nematodes were transferred to fresh SSPW agar plates containing SSPW/OP50, dosed
with equitoxic concentrations (EC30 for reproduction as determined from dose-response
experiments [116], and reconfirmed in this experiment) of AgNO3 (0.07 mg/L), Ag-NPs
(1.5 mg/L), and sAg-NPs (6 mg/L) to start the F1 generation. The control group was
transferred to a plate containing unspiked SSPW/OP50. This process was repeated
continuously at 72 hour intervals until the tenth generation at which point the experiment
was terminated. The remainder of the entire brood from each nematode was washed off
the plates into 15 mL centrifuge tubes for DNA extraction at F0 and F10.
2.3.3 DNA extraction and whole genome sequencing of N2 Bristol strain DNA
Nematodes populations were collected in 15 mL centrifuge tubes and washed
thrice with DI water by gentle centrifugation at 800 rpm for 1 minute to remove residual
OP50. After three washes, DNA was extracted with DNeasy Blood & Tissue Kit
(QIAGEN, Hilden, Germany) using smaller buffer volumes than recommended taking
into consideration the small number of nematodes (SI). DNA was eluted with 30 µL of
buffer AE (10 mM Tris-Cl; 0.5 mM EDTA, pH 9.0). The DNA concentration was then
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measured using Qubit dsDNA High Sensitivity Assay Kit with a QubitTM fluorimeter at
the University of Kentucky Genomics Core Facility.
Samples were sent to the Georgia Genomics Facility at the University of Georgia
for sequencing. Libraries were prepared using Kapa HyperPlus kit (KAPA Biosystems,
Cape Town, South Africa) and sequenced using the Illumina NextSeq platform to acquire
75 bp, paired-end reads and Illumina HiSeq platform to acquire 150 bp, paired-end reads.
The targeted average sequencing depth of coverage for each sample was 20X to achieve
adequate genome coverage [157]. Four sequencing runs were performed to achieve the
desired coverage (~20-fold for each experimental replicate).
2.3.4 Data processing and statistical analysis
The steps used for data processing and analysis are outlined in Fig. S 2.1.
Sequence data quality was assessed using FastQC [158]. Poor quality bases which can
affect the alignment of sequencing data to the reference genome were trimmed using
Trimmomatic [159]. Trimmed sequences were then aligned to the C. elegans reference
genome version WS251 from WormBase (http://www.wormbase.org/#012-34-5) using
Burrows Wheeler Aligner (bwa-mem) [160]. Samtools [161] was used to merge the
resulting aligned sequences from all treatment groups into a single bam file, the results
were sorted, and duplicates removed. Genotype calling was performed using FreeBayes
[162]. The resulting output file (VCF) reports variants as single nucleotide
polymorphisms (SNPs), deletions, insertions, multiple nucleotide polymorphisms
(MNPs), and more complex variants. MNPs refer to the occurrence of two or more SNPs
adjacent to one another. Complex variants are a combination of one or more of either
variants or the presence of one or more SNPs separated by a few base pairs. Annotation
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of the VCF FreeBayes output file was performed using the SnpEff program [163], a SNP
effect predictor which categorizes the effects of variants such as SNPs, MNPs, deletions,
and insertions in genomic sequences.
To limit the inclusion of false variants in the dataset, only sites with a depth of
coverage of at least 10X were considered for heterozygous mutations and 2X for
homozygous mutations. A minimum variant quality score of 30 (Q ≥ 30) was used.
Also, the number of observations of the alternate base detected on the forward strand
(SAF) and reverse strand (SAR) was set to a minimum of 5 for each site (double strand
filter).
The presence of paralogous (duplicated) regions within the genome can result in
a single read aligning to multiple sites. As such, certain heterozygous SNPs are identified
as a result of the differences in these regions, which are not related to mutations induced
by exposure. A blast of the reference genome against itself was performed to identify
repeat regions. The FreeBayes VCF file was then filtered to exclude SNPs that reside in
repeated sequences. Considering that progeny were obtained from hermaphrodite C.
elegans, there is a 25% chance per each self-fertilization that these heterozygous variants
will become homozygous and fixed without exposures [153]. With the ten rounds of
self-fertilization, there is a 94% probability that F0 heterozygous sites are homozygous by
generation F10. As such, heterozygous variants present in the F0 generation prior to
exposures which were homozygous at the F10 generation were excluded from the dataset.
Finally, only loci present across all treatment groups were considered for analysis.
The genotype of the F0 samples, which were not exposed to any toxicants, was
then compared to the genotype of the corresponding F10 generation which had been
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exposed continuously for ten generations. If assuming that each site in the genome is
equally mutable, and can mutate to any of three bases, the probability of identifying the
same SNP in two samples over ten generations is extremely low such as ~10-11.
Therefore, if the same SNP was identified in more than one sample, it was mostly due to
uncovering of a heterozygous mutation that was not detected in the F0 sample (due to low
coverage and simple probabilistic expectations) and was excluded from consideration.
As such only data with unique variants are reported. After filtering, the data from the
control samples were used to estimate the background mutation rate occurring without
exposure to any toxicants.
A generalized linear model with negative binomial regression was used to
compare the final count of identified variants between each of the Ag treatment and
controls as well as among treatments. Post hoc multiple comparisons were performed
using Tukey-Kramer procedure and significance was set at p ≤ 0.05. Statistical analysis
was performed using SAS 9.3 statistical software (Cary, NC, USA).
2.4 Results
2.4.1 Total germline genetic variants, variant class, and base substitutions
The average depth of sequence coverage achieved ranged from 15X to 30X (Fig.
S 2.2). The total variant counts (heterozygous and homozygous) for each treatment are
shown in Fig. 2.2A. Even though there was no statistical significant difference between
the average counts of the total variants, AgNO3 (F (3, 10) = 2.28, p = 0.354), Ag-NPs (F
(3, 10) = 2.28, p = 0.717), and sAg-NPs (F (3, 10) = 2.28, p = 0.1127) showed
approximately a 2 fold, 1.5 fold, and a 2.5 fold increase respectively, when compared to
control. Classification of variants into SNPs, deletions, and insertions revealed that most

31

of the variants were contributed by SNPs (Fig. 2.2A). Heterozygous and homozygous
contributions are shown in Figs. 2.2B and 2.2C respectively. In both cases, SNPs were
still the main contributors to the difference observed between control and treatments.
Homozygous SNP counts showed a 2.4-fold (F (3, 10) = 1.77, p = 0.3712) , 2.5-fold (F
(3, 10) = 1.77, p = 0.401), and 3.2-fold (F (3, 10) = 1.77, p = 0.175) increase while
heterozygous SNPs showed a 1.8-fold (F (3, 10) = 1.69, p = 0.679), 1.4-fold (F (3, 10) =
1.69, p = 0.942), and 3.1-fold (F (3, 10) = 1.69, p = 0.210) increase in response to
AgNO3, Ag-NPs, and sAg-NPs respectively. The fold increases observed suggests that
homozygous SNPs contributed more to the total observed fold change compared to
heterozygous SNPs. The estimated base substitution mutation rates (µbs) for all SNPs
are approximately 2.4 x 10-8, 4.9 x 10-8, 4.3 x 10-8, and 7.5 x 10-8 per generation for
controls, AgNO3, Ag-NPs, and sAg-NPs respectively. Base substitution mutation rate
have initially been reported to be in the range of 10-9 to 10-8 per generation for C. elegans
[164].
Total deletion counts showed a 1.5-fold increase for both AgNO3 (F (3, 10) =
0.44, p = 0.841) and sAg-NP (F (3, 10) = 0.44, p = 0.818) treatments (Fig. 2.2A). While
heterozygous deletions showed only a 1.4-fold increase (F (3, 10) = 0.49, p = 0.982) for
sAg-NP treatment (Fig. 2.2B), homozygous deletions showed a 2-fold (F (3, 10) = 1.11,
p = 0.332), 1.8-fold (F (3, 10) = 1.11, p = 0.497), and 1.7-fold (F (3, 10) = 1.11, p =
0.578) increase for AgNO3, Ag-NPs, and sAg-NPs, respectively (Fig. 2.2C), suggesting
that homozygous deletions were the main contributor for the fold changes as well.
Fold changes in insertions were also mainly contributed by homozygous
insertions. An 1.9-fold (F (3, 10) = 1.18, p = 0.480) increase was observed in total
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insertion counts for AgNO3 compared to controls. Despite no increase in total insertion
counts for Ag-NP and sAg-NP, homozygous insertions showed 2.4-fold (F (3, 10) = 0.75,
p = 0. 524), 1.4-fold (F (3, 10) = 0.75, p = 0. 961), and 1.8-fold (F (3, 10) = 0.75, p = 0.
796) increases in response to AgNO3, Ag-NPs, and sAg-NPs, respectively. For
heterozygous insertions, a 1.6-fold (F (3, 10) = 0.65, p = 0. 865) and 1.5-fold (F (3, 10) =
0.65, p = 0.911) increase was observed only for AgNO3 and sAg-NPs treatments,
respectively.
Base substitution patterns were also investigated to determine if there was a bias
in the type of base changes between different treatments. Base substitution patterns for
all SNPs, including both heterozygous and homozygous SNPs, are shown in Fig. 2.3.
Though an increase was observed for transversions and transitions across all treatments,
only for sAg-NPs transversions showed a significant difference (F (3, 10) = 3.35, p =
0.046) from controls (Fig. 2.3C). Specific base changes are shown in Figs. 2.3B and
2.3D. The base changes were random across treatments with no bias towards any
particular treatment. Despite a significant increase for T > A transversions for sAg-NPs
only (F (3, 10) = 4.1, p = 0.033), AgNO3 and Ag-NPs also had increased levels (Fig.
2.3D). The base substitution patterns of heterozygous and homozygous mutations are
shown in Figs. S 2.3 and S 2.4 respectively.
2.4.2 Variant effects
Most (97%) of the germline variants observed across all replicates for treatments and
control were in non-coding regions of the genome while 3% of the variants, both
homozygous and heterozygous, were located in gene coding regions. Potential impacts
of the variants were classified as a modifier, low, moderate, or high depending on the
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impact the variant may have on a gene function. Variants in non-coding regions were
assigned an impact in relation to the closest gene located upstream or downstream from
the variant. Homozygous and heterozygous gene variants with moderate (missense) and
high impacts (frameshift and stop_gain) are shown in Tables 2.1 and 2.2 respectively.
Though a moderate impact was assigned to these missense variants, the presence of the
variant at a crucial amino acid required for structure or function of the protein can have a
significant detrimental effect. For the homozygous missense variants in which both
alleles are affected, the effect can be more severe compared to the heterozygous variants
where only one allele has been changed. Serpentine receptor class E gene (sre-56) and
egg-laying defective gene (egl-4), shown in Table 2.1 have vital reproductive and
developmental functions, and both contain homozygous missense variants. Heterozygous
variants also have a 25% chance of becoming homozygous for the variant allele which
may eventually have a significant effect on gene function.
2.5 Discussions
Multigenerational and transgenerational toxicity of NPs to C. elegans [116, 141],
Daphnia species [145], and D. melanogaster [142, 143] has been observed in our
previous study in as early as the F2 generation without recovery even after rescue from
the exposure [116]. However, there is still a large gap in understanding the mode of
transfer of NP-induced effects to subsequent generations. This study was designed to
determine if Ag-NPs caused germline mutations and if such effects could explain
increased reproductive sensitivity in C. elegans after multigenerational exposure to
AgNO3 and pristine Ag-NPs observed in our previous study [116]. The observed
increases, though not statistically significant, in the mutation frequencies of unique SNPs
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by 1.8, 2.0, and 3.1 fold for Ag-NO3, Ag-NPs and sAg-NPs, respectively, when
compared to controls, still suggest that exposure to all forms of Ag resulted in the
accumulation of mutations after ten generations of exposure. This might have biological
implications if mutations occur in the DNA regions affecting critical functions.
Interestingly, the variation among nematodes exposed to the same treatment was larger
than in the controls, an indication that exposure induced mutations to varying extents in
different C. elegans lineages, whereas the control samples did not show much variation.
The only statistically significant increase was observed in the number of transversions in
response to sAg-NPs. Previous study showed decreases in response to this treatment for
growth in F5, which persisted until F10, and for reproduction in F10, and the germline
mutations were also measured after ten generations. This suggests the possibility that
accumulation of germline mutations might contribute to the multigenerational toxicity
observed in F10 in response to sAg-NPs.
Oxidative stress has been established as one of the mechanisms of Ag-NPsinduced toxicity, as indicated the presence of higher levels of reactive oxygen species and
oxidative damage after exposure [115, 140]. It was also demonstrated that oxidative
stress in C. elegans could cause oxidative DNA damage, as was established from the
accumulation of higher levels of oxidized guanine bases in DNA [134, 140]. If not
adequately repaired, oxidative DNA damage can cause genetic mutations. For instance,
oxidized guanine base pairs with adenine instead of cytosine which can induce a G:C to
T:A mutations. There is also evidence of Ag-NPs inducing DNA strand breaks, cell
cycle arrest, and apoptosis in human cell lines [135, 154]. The DNA strand breakage can
be repaired or misrepaired resulting in mutations. Accumulation of random mutations
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has been shown to reduce the fitness of C. elegans [165]. Taking all these different
modes of action into consideration, one potential explanation for the increased sensitivity
of C. elegans to multigenerational Ag-NP exposure could be the accumulation of
mutations. The majority of the germline variants detected were contributed by SNPs. If
oxidative stress was the main driving force, a bias towards G > T and C > A transversions
would be expected. Oxidized guanine is known to base pair with adenine instead of
cytosine. If the oxidized guanine base in DNA is not repaired, the next round of
replication leads to G > T and C > A transversions. Even though there was an increase in
C > A transversions for all treatments, their levels were lower than in most of the other
observed transversions and transitions suggesting that oxidative DNA damage alone does
not account for the increase in SNPs induced by the Ag treatments. Most of the studies
investigating oxidative DNA damage caused by Ag-NPs have focused on oxidized
guanine, and there is limited information about the oxidation of other bases. However,
oxidative stress can also cause oxidation of other DNA bases which may have different
implications as well [166]. For example, oxidation of thymine can form thymine glycol
which has been shown to cause DNA replication blocks as it loses its planar structure
resulting in structural consequences [167]. It will be interesting to determine if exposure
of C. elegans to Ag-NPs can lead to oxidation of other DNA bases which will yield a
better understanding for these base substitutions.
In addition to SNPs, insertions and deletions also contributed, though not
significantly and not as much as SNPs, to the total number of variants observed in
response to AgNO3 and sAg-NPs, respectively. It has been demonstrated in human cell
cultures that Ag-NPs induce strand breaks using micronuclei and comet assays [135,
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154]. One of these studies indicated that both Ag ions and Ag-NPs were able to induce
strand breaks [135]. If not adequately repaired, DNA strand breakage can lead to
deletions. A trend towards an increase in the number of deletions and insertions, mainly
homozygous, were observed in response to all treatments. Efforts were made to
determine if individual microsatellite instability was induced by these exposures
(supplementary material). Microsatellite instability is characterized by insertion or
deletions of one or more of the repeats within these repetitive regions due to DNA
polymerase slippage during replication, which is not repaired due to defects in the DNA
mismatch repair mechanism [168, 169]. Nine microsatellite loci, with the core repeat
from 2 to 4 base pairs, were investigated for individual instability by detecting insertions
or deletions of the repeats. In wild type C. elegans no microsatellite instability was
detected across all nine loci analyzed in the F10 generation of nematodes exposed to
AgNO3 or Ag-NPs (Tables S 2.1 and S 2.2). We did not also find any evidence of
microsatellite instability from the whole genome sequenced data. This suggests that
exposure to Ag in forms of Ag ions or NPs might not be causing such microsatellite
mutations, which are often associated with defects in DNA repair pathways. Even if such
mutations occur, it is possible that they are repaired successfully. Alternatively, it is
possible that mutations do occur at microsatellites but were undetected due to the limited
number of loci screened. The latter seems to be more relevant as many of the deletions
and insertions observed in the sequencing data occurred in mononucleotide rather than
dinucleotide microsatellite regions.
Although the majority of the variants were observed in non-coding regions, they
can still have negative effect if they occur in regulatory regions. Non-coding regions are
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known to contain gene expression regulatory elements such as promoters, enhancers,
and/or silencers [170] and introns may contain splice sites [171]. A few of the variants
detected in the coding regions were associated with genes (sre-56, tag-80, egl-4, lam-3)
involved in critical processes such as reproduction, locomotion, neurotransmission, and
structural components. As such, accumulation of these variants over multiple generations
can affect the fitness of the nematodes and this might explain, at least in part, the increase
in sensitivity to reproductive toxicity in the exposed nematodes that was observed in our
previous study [116]. However, only mutations with low impact were observed in coding
regions in response to pristine Ag-NPs. Thus, our results suggest that accumulation of
random mutations, both in gene coding and non-coding areas, with different impact
levels, as illustrated in this study, have a potential to compromise the fitness of the
nematodes.
In conclusion, the increase in the total number of variants in C. elegans in
response to each Ag treatment at the F10 generation may indeed contribute to decreased
fitness. Increased sensitivity in terms of growth and reproduction were observed for all
treatments after ten generations of exposure in our previous study [116]. However, our
results, specifically for AgNO3 and Ag-NPs, do not provide entirely a support for more
heightened reproductive sensitivity towards AgNO3 and Ag-NPs compared to sAg-NPs
which actually induced higher numbers of variants. In addition, the moderate and high
impact variants in coding regions were identified in response to AgNO3 and sAg-NPs but
not pristine Ag-NPs. As such, other molecular mechanisms such as epigenetic changes
which can be inherited may be at play and warrant investigation, especially as heightened
sensitivity to AgNO3 and Ag-NPs were observed in as early as the F2 generation.
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Increased sensitivity, as well as accumulation of mutations after continuous
exposures for multiple generations, may not be detected in single generational or acute
exposures. As such, the long term risk posed by the presence of toxicants in the
environment may not be adequately accounted for, leading to the minimization of the
actual risk posed by such toxicants. Therefore, studies geared towards risk analysis of
toxicants needs to take multi- and transgenerational effects into account.
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Tables:
Table 2.1 Homozygous variants in gene coding regions with moderate and high impacts
after Caenorhabditis elegans exposure for ten generations to AgNO3, pristine silver
nanoparticles (Ag-NPs) and sulfidized Ag-NPs (sAg-NPs). del = deletion; s(m)np =
single (multiple) nucleotide polymorphism , Ins =insertion. n.d = none detected
Treatment

Gene

Control

n.d
srw-56

AgNO3

sre-56

srw-132
Ag-NPs

n.d
ttn-1

egl-4
sAg-NPs

Gene name/
function

Chromosomal
location

n.d
n.d
serpentine
receptor Class W
V:15952447
(putative
chemoreceptor)
Serpentine
receptor Class E
(embryo
development,
II:12326279
hermaphrodite
genitalia
development and
locomotion)

Variant
type

Variant
effect

Variant
impact

n.d

n.d

n.d

del : TA

frameshift

High

snp : G > A

missense

Moderate

Serpentine
receptor Class W
(pseudogene)

V:4106478

snp : G >A

missense

Moderate

n.d

n.d

n.d

n.d

n.d

snp : A > C

missense

Moderate

snp : C > A

missense

Moderate

Titin homolog
(muscle
V:6175437
contraction)
Egg laying
defective
(Egg laying, life
span, cell growth,
quiescence and IV:1877699
dauer formation,
nociceptive
behavioral
sensitivity)

tag-80

Locomotion

IV:7597771

snp : T > A

missense

Moderate

tag-80

Locomotion

IV:7598905

mnp :A > G
:T>A

missense

Moderate

I:1802583

snp : T > A

missense

Moderate

IV:2678040

snp : T > A

missense

Moderate

Y71G12B.5 Uncharacterized
Y94H6A.3

Uncharacterized
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Table 2.2 Heterozygous variants in gene coding regions with moderate and high impacts
after Caenorhabditis elegans exposure for ten generations to AgNO3, pristine silver
nanoparticles (Ag-NPs) and sulfidized Ag-NPs (sAg-NPs). del = deletion; s(m)np =
single (multiple) nucleotide polymorphism, Ins = insertion. n.d = none detected.
Treatment
Control

AgNO3

Ag-NPs

Variant
type

Variant
effect

Variant
impact

n.d
I:14242122

n.d
snp : A > C

n.d
missense

n.d
Moderate

V:2700965

snp : T > G

missense

Moderate

III:6036682

snp : A > T

stop_gained

High

IV:7727392
X:6317575

snp : A > C
snp : G > C

missense
missense

Moderate
Moderate

X:8530808

snp : A > T

stop_gained

High

n.d
II:3833577,
O-ACyltransferase
oac-4
II:3833579,
homolog
II:3833581
F43E2.6 Uncharacterized II:7367627
tag-80
Locomotion
IV:7591386

n.d
snps: T > C
:C>A
:A>G
snp : T > A
snp: T > A

n.d

n.d

missense

Moderate

missense
missense

Moderate
Moderate

Gene

Gene name
Chromosomal
and/or fucntion
location

n.d
n.d
C49A1.10 Uncharacterized
NADH
nuo-5
Ubiquinone
Oxidoreductase
ZK328.7
ciliogenesis
(ift-139)
C50F7.5 Uncharacterized
T10E10.4 Uncharacterized
flp-5

FMRF-Like
Peptide (potential
neurotransmitter)

n.d

n.d

tag-80

Locomotion

IV:7595676

snp: G > A

missense

Moderate

tag-80

Locomotion

IV:7595734

snp: C > A

missense

Moderate

IV:16780617,
Y43D4A.5 Uncharacterized IV:16780616,
IV:16780617
sAg-NPs

T26H5.8

Uncharacterized

C28G1.t2

tRNA

tag-80

locomotion

ins: GC
frameshift,
stop_gained, High
snps:A > T
missense
:T>G
ins :
V:15432433
frameshift
High
TCGAGTATGCTGAA
X:8846784
snp : T > C
missense Moderate
Inframe
IV:7598147
ins : AGA
Moderate
insertion

Cytochrome P450
cyp-33E1 family (predicted IV:8645696
oxidoreductase)
T14G12.11 Uncharacterized X:3762473
Y16B4A.2 Uncharacterized X:14766734
Basement
lam-3
membrane
I:10613486
component
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snp : G > C

missense

Moderate

snp : G > C
del : G

missense Moderate
frameshift
High

snp : G > C

missense

Moderate

Figures:

Figure 2.1 Diagram for the exposures of single lineages of Caenorhabditis elegans
to AgNO3, pristine silver nanoparticles (Ag-NPs) and sulfidized Ag-NPs (sAgNPs). F0 populations were not exposed for all lineages. Continuous exposure was
carried out from F1 to F10 except for controls. An entire brood from a single
nematode was collected for DNA extraction after an individual had been
transferred to a new plate to start the next generation.
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Figure 2.2 Total unique variant counts (A), unique heterozygous (B), and
unique homozygous counts (C) with variant types observed for each
treatment after ten generations of Caenorhabditis elegans exposure to
AgNO3, pristine silver nanoparticles (Ag-NPs), and sulfidized Ag-NPs
(sAg-NPs). Error bars represent ± standard error.
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Figure 2.3. Unique variants base substitution patterns of single nucleotide polymorphisms
observed in Caenorhabditis elegans in controls and after ten generations of exposure to
AgNO3, pristine silver nanoparticles (Ag-NPs), and sulfidized Ag-NPs (sAg-NPs). Graphs
show an increase in transitions (A) and transversions (C) as well as base substitution classes
(B and D) corresponding to the overall pattern observed for single nucleotide
polymorphisms. Error bars represent +/- standard error. p < 0.05*.
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Supplementary material
Genomic mutations after multigenerational exposure of Caenorhabditis elegans to
silver ions, pristine, and sulfidized silver nanoparticles
Methods
DNA extraction for next generation sequencing
The nematodes collected in 15 mL centrifuge tubes were washed 3 times with water,
spinning at 1000 rpm and discarding supernatant each time to get rid of residual OP50.
After 3 washes, DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen) with
some modifications taking into consideration the small number of worms present. After
discarding the supernatant from the last wash, 20 µL of buffer ATL was added. Five
free-thaw cycles were performed after which 2 µL of Proteinase K was added. Samples
were incubated at 56 oC for 3 hours with brief vortexes every 20 minutes. At the end of
the incubation, 20 µL of buffer AL was added followed by the addition of 20 µL of
absolute ethanol. The mixture were then transferred to spin columns and washed with
100 µL of buffer AW1 and AW2 respectively.
Microsatellite instability analysis of N2 Bristol and msh-2 ok mutant strains
Microsatellites, which are short tandem repeat DNA sequences, are hypervariable
regions with mutation rates as high as 10-2- 10-3. Microsatellite instability on individual
nematode level was investigated using the N2 Bristol (wild-type). Exposures were
carried out as previously described (Fig. 2.1). Eighteen single worms were selected from
two separate replicates for each treatment for the N2 exposures. Worms were transferred
into 5 µl of 1X PCR buffer containing 0.5 mg/ml of proteinase K in 96 well plates and
frozen at -80 oC for 10 minutes. Lysis of worm to release genomic DNA was carried out
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by heating to 60 oC for 1 hour. Proteinase K was heat inactivated at 95 oC for 15
minutes. Samples were diluted by adding 15 µl of DNase free water.
Microsatellite markers were adopted from Seyfert et al., [32] and some were
chosen after preliminary PCR runs with newly designed primers targeting microsatellites.
Primers were designed or redesigned using Primer3 software. Primer sequences and
microsatellite regions amplified are shown in supplementary Table S 2.1. Touchdown
polymerase chain reaction (TD-PCR) was carried out in a total volume of 12.5 µl with
1X PCR buffer, 2 mM MgCl2, 0.15 mM dNTPs, 0.4 µM primers, and 0.25 units of
JumStart Taq polymerase to amplify microsatellite regions using 1 µl of each DNA
sample as template.
For DNA fragment analysis, PCR samples were mixed with Hi-Di formamide and
GeneScan 500 ROX size standard. DNA fragment analysis was performed at the
University of Kentucky Advanced Genetic Technology Center using Applied Biosystems
3730 capillary electrophoresis. Genotyping of the PCR products was done using the
GeneMapper Software Version 4.0. To test for differences in the number of
microsatellite mutations between F0 and F10 in each treatment, as well as to compare
each of the Ag treatment to controls, a Fisher exact test was applied.
Results
Coverage
A targeted average coverage of 20X was set to achieve sufficient coverage to
confidently call variants (mutations). The average coverage for each sample after a total
of 4 sequencing runs is shown in Figure S 2.2. The average coverage ranged from 15X to
31X per sample with an average coverage of all samples at 20X. Samples that did not
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attain at least 15X coverage were removed resulting in 3 replicates for each in the control
and the pAg-NP treatments.
Microsatellite instability
Individual microsatellite instability, characterized by deletions or insertions of one
or more DNA repeats was also investigated in the wild type N2 worm over 10
generations. As illustrated in Table S 2.2, microsatellite instability was not observed at
any of the nine selected microsatellite loci.

Tables:
Table S 2.1 Primers used for microsatellite instability analysis
Microsatellite
Primers
(Repeat)Length
(CT)7
(TA)10
(TA)11
(GA)12
(CTT)13
(TCC)13
(CAA)15
(CCAT)17
(CCTA)26

F: 5’- GTTTCAGTGAGTGAAGGAGGGACA -3’
R: 5’- /56-FAM/TTCCGCCCACTTTGATAGGC -3’
F: 5’- GTTTACGTATACGAATTGCGCGAA- 3’
R: 5’- /56-FAM/TCATGTTGACACACCGGTCA- 3’
F: 5’- /56-FAM/TGACGCCAAGCCCAAACTAA -3’
R: 5’- GTTTCGCAAGCCAAGTCTTGACT -3’
F: 5’ - /56-FAM/CCGTTCCTCTGACGAATTGC -3’
R: 5’- GTTTACGCCTTGTTCAGCTGTTCT -3’
F: 5’ -/5HEX/GAGTGCGCTTGAAGAGACTG -3’
R: 5’- GTTTCGGAACTCGGAGAGAGATAG -3’
F: 5’- /56-FAM/CTACCCCAGCTCCTCCAGAA -3’
R: 5’- GTTTCTCTTCAGCTGCCCGGTAT -3’
F: 5’ -/5HEX/ACCGTATGTGAGCCTGGTGG -3’
R: 5’- GTTTCTTGCGACCAAAGTCAACCC -3’
F: 5’- /56-FAM/ACGACGATAAGTGAAGGATGGT -3’
R: 5’- GTTTGTCCCGAATCCCTTCCGATC -3’
F: 5’- GTTTCAGACAGGCAGAGACAGACA -3’
R: 5’-/5HEX/CACCCACAAACCGAAAACGA -3’
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Table S 2.2 Frequencies and magnitude of mutations at microsatellite loci in N2 .
Deletion (-), Insertion (+).
AgNO3
Controls
Ag-NP
sAg-NP
(msat loci)

F0

F10

F0

F10

F0

F10

F0

F10

(CT)7

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

(TA)10

0.00

0.02
[2(-5)]

0.00

0.02
[2(-5)]

0.00

0.02
[2(-5)]

0.00

0.02
[2(-5)]

(TA)11

0.00

0.00

0.02
[1(-1),1(+1)]

0.00

0.00

0.00

0.00

0.00

(GA)12

0.01
[1(+4)]

0.01
[1(+4)]

0.00

0.00

0.00

0.00

0.00

0.00

(CTT)13

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

(TCC)13

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

(CAA)15

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

(CCAT)17

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

(CCTA)26

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

repeat length
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Figures:

Figure S 2.1 Flow chart for DNA sequencing and data analysis. Q=Variant
Quality; DP= Depth of coverage; SAR & SAF = Number of alternate
observations on Reverse and Forward strands respectively

Figure S 2.2 Average genome coverage for each sample. Coverage was
determined by analyzing alignments using the QualiMap software. C = control; I
= AgNO3 ; P = pristine Ag-NPs; S = sulfidized Ag-NPs.
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Figure S 2.3. Unique heterozygous variants base substitution patterns of single
nucleotide polymorphisms observed after ten generations of Caenorhabditis elegans
exposure. Graphs show an increase in transitions (A) and transversions (C) as well
as all base substitution classes (B and D) corresponding to the overall pattern
observed for single nucleotide polymorphisms. Error bars represent +/- standard
error. Pristine silver nanoparticles (Ag-NPs); sulfidized Ag-NPs (sAg-NPs).
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Figure S 2.4. Unique homozygous variants base substitution patterns of single
nucleotide polymorphisms observed after ten generations of Caenorhabditis elegans
exposure. Graphs show an increase in transitions (A) and transversions (C) as well as
all base substitution classes (B and D) corresponding to the overall pattern observed
for single nucleotide polymorphisms. Error bars represent +/- standard error. pristine
silver nanoparticles (Ag-NPs); sulfidized Ag-NPs (sAg-NPs).
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Chapter 3: Multigenerational exposure of Caenorhabditis elegans to silver
nanoparticles induces histone methylation changes
Anye Wamucho, Allison Heffley, and Olga V. Tsyusko
3.1 Synopsis
Multigenerational effects of silver nanoparticles (Ag-NPs) on the reproduction of the soil
nematode Caenorhabditis elegans have been observed previously. However,
mechanisms of this reproductive sensitivity are unknown. Here we examine whether
epigenetic changes occur as a result of multigenerational exposure to Ag-NPs and
whether such modifications can be inherited by unexposed generations. Changes at
histone methylation marks, histone 3 lysine 4 dimethylation (H3K4me2) and histone 3
lysine 9 trimethylation (H3K9me3), known to affect reproduction, as well as changes in
the expression of the genes encoding demethylases and methyltransferases associated
with the selected marks, were investigated. We exposed C. elegans at EC30 of
reproduction to AgNO3, pristine Ag-NPs, and its environmentally transformed product,
sulfidized Ag-NPs (sAg-NPs). H3K4me2 levels increased in response to Ag-NP
exposure and did not recover after rescue from the exposure suggesting transgenerational
inheritance. Exposure to sAg-NPs significantly decreased H3K4me2 and H3K9me3
levels. These changes in the histone methylation were also supported by expression of
spr-5 and jmjd-2 (H3K4me2 and H3K9me3 demethylases, respectively) and set-30
(H3K4me2 methyltransferase). Our study demonstrates that multigenerational exposure
to Ag-NPs induces epigenetic changes that are inherited by unexposed offspring.
However, environmental transformations of Ag-NPs may also reduce toxicity via
epigenetic mechanisms, such as histone methylation.
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Keywords: Demethylase, epigenetics, gene expression, methyltransferase, nanomaterials,
nematode
3.2 Introduction
There has been an increasing concern over the release of silver nanoparticles (AgNPs) into the environment from the many consumer products containing Ag
nanomaterials, mainly for its antimicrobial properties [10, 31]. Efforts have been made to
elucidate the potential harmful effects of Ag-NPs in the environment. Most Ag
nanotoxicity studies have focused on acute or sub-chronic exposures. Adequate analysis
of the risk posed by Ag-NPs should include chronic exposures at sub-lethal
concentrations, with environmentally transformed forms of Ag-NPs taken into
consideration. Prominent environmental transformation of pristine Ag-NPs includes
oxidation which results in the release of Ag ions and sulfidation to form sulfidized AgNPs (sAg-NPs) [132, 172].
Schultz et al. [116] performed one of the most extensive multigenerational
exposure study in which the nematode C. elegans exposed to AgNO3 and Ag-NPs,
showed heightened reproductive sensitivity in subsequent generations. Multigenerational
reproductive effects of Ag-NPs have also been observed in Drosophila melanogaster
[142, 143]. Despite these multigenerational effects, the mode of toxicity transfer from
exposed parental generations to subsequent generations has not been thoroughly
investigated. We hypothesize that epigenetic changes might be involved in inducing the
multigenerational toxicity. Epigenetic changes such as histone modifications
(methylation, acetylation, and phosphorylation), DNA methylation, and non-coding
RNAs, which do not involve changes in the underlying DNA sequence, can be inherited.
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Epigenetic markers regulate vital processes such as development and aging in C. elegans
[173]. Transgenerational fertility defects in C. elegans are known to correlate with
changes in certain histone methylation profiles as well as DNA methylation [121, 122].
Environmental stressors also induce epigenetic changes that are inherited by subsequent
unstressed generations [125, 174, 175]. As such, the heightened reproductive sensitivity
observed in subsequent generations after exposures to AgNO3 and Ag-NPs may be
explained by changes in heritable epigenetic markers. Previous sub-chronic exposure
revealed differences in bio-distribution of Ag and transcriptomic profiles in response to
AgNO3, Ag-NPs, and sAg-NPs [82, 138]. Thus, different epigenetic responses are
expected after C. elegans exposure to the different Ag forms.
Changes in epigenetic markers such as histone 3 lysine 4 dimethylation
(H3K4me2) and histone 3 lysine 9 trimethylation (H3K9me3), have been shown to
correlate with transgenerational fertility in C. elegans. An increase in H3K4me2 and a
decrease in H3K9me3 were shown to increase sterility in C. elegans in a
transgenerational manner [122]. Methyltransferases and demethylases associated with
these epigenetic markers, which catalyze the addition or removal of methyl groups
respectively, have been predicted or identified. Among them are H3K4
mono/dimethyltransferases, set-17 and set-30, and H3K4me2 demethylase, spr-5
[122].The demethylase for H3K9me3 is jmjd-2 and the methyltransferase is set-25 [122,
173]. Though set-26 was initially shown to trimethylate H3K9 in vitro [122] but not in
vivo, it is involved in such vital biological processes as transgenerational fertility, life
span, development and aging, and also seems to repress H3K4me3 levels [173, 176, 177].
In this study, we investigated the epigenetic changes in histone methylation markers,
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H3K4me2 and H3K9me3, after multigenerational exposure of C. elegans to pristine and
transformed (sulfidized) Ag-NPs (sAg-NPs) as well as AgNO3. Analyses were carried
out on nematode populations prior to exposure (F0), after three generations of exposure
(F3), and three generations of rescue from exposure (F6) to determine if these epigenetic
changes after exposures, if any, are inherited by subsequent unexposed generations. The
expression levels of the genes encoding the specific demethylases and methyltransferases
were also investigated to determine if they correlate with the histone methylation levels.
3.3 Materials and Methods
3.3.1 Silver nanoparticle synthesis and characterization
Polyvinylpyrrolidone (PVP) coated Ag-NPs were synthesized as previously
described [155]. The same batch of Ag-NPs used by Starnes et al., [82] and Schultz et
al., [116] was used in this study. Sulfidation was carried out by combining Ag-NPs with
Na2S at a 2:1 molar ratio of S to Ag. The mixture was incubated at room temperature for
4 h open to the atmosphere. The tube was capped and sealed and incubated at room
temperature for an additional week. The sAg-NPs were separated from the reaction
solution and washed thrice with 18MΩ deionized water. Complete sulfidation was
confirmed by powder X-ray diffraction (X’Pert Pro, Malvern PANalytical, Malvern,
UK).
Characterization of Ag-NPs was described in our previous studies [82, 116]. The
transmission electron microscopy (TEM) primary particle sizes were reported to be 58.3
± 12.9 nm for PVP coated Ag-NPs and 64.5 ± 19.4 nm for sAg-NPs [82]. Upon addition
of Ag-NPs and sAg-NPs into the simulated soil pore water (SSPW) [156] used for
exposure experiments, the volume weighted sizes were determined by dynamic light
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scattering as 66.26 ± 34.3379 nm and 60.73 ± 20.67 nm respectively. The zeta potential
of Ag-NPs and sAg-NPs in the SSPW were -5.3 mV and -15.7 mV respectively. From
our previous multigenerational study which used the same Ag- NPs in the same media
(SSPW), the dissolution determined via ultrafiltration was 1.5 ± 0.1% for Ag-NPs and
0.023 0.002% for sAg-NPs [116].
3.3.2 Nematode exposures
Caenorhabditis elegans (N2) was acquired from the Caenorhabditis Genetics
Center (University of Minnesota, USA). The exposures were carried out on a population
of nematodes which were propagated for multiple generations as illustrated in Fig. 3.1.
Epigenetic markers (H3K4me2 and H3K9me3) and gene expression levels of the
demethylases and methyltransferases associated with these epigenetic markers were
analyzed in different generations prior to exposure (F0), after three generations of
exposure (F3), and after three generations of rescue from exposure (F6). Exposures were
carried out in simulated soil pore water (SSPW) to mimic natural soil solution condition
[116, 156].
Age synchronization using NaClO/ NaOH solution was performed and eggs were
placed in 10 cm SSPW agar plates to start the unexposed F0 populations of four replicates
per treatment group (control, AgNO3, pristine Ag-NPs, and sAg-NPs). Uracil deficient
E. coli strain, OP50, suspended in 6 ml of SSPW at an optical density (540 nm) of 0.35
was added to each plate as a food source and incubated at 20 oC. After 96 h, nematodes
were washed off the plate into 15 ml centrifuge tubes using SSPW and split in half. Half
of the nematodes were saved for histone and RNA extraction and half used for age
synchronization to obtain eggs for the next generation (F1). Exposures were started at the
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F1 generation with the SSPW/OP50 food source dosed with equitoxic concentrations
(EC30 for reproduction as determined from dose-response experiments [116] and
reconfirmed in this experiment) of AgNO3 (0.07 mg/L), Ag-NPs (1.5 mg/L), and sAgNPs (6 mg/L). The SSPW/OP50 solution without NPs or AgNO3 was used for controls
throughout the experiment. Exposures were carried out for three generations (F1, F2, and
F3). Each generation was exposed for 96 h after which age synchronization was
performed to obtain eggs for each subsequent generation. After the last exposure (F3),
nematodes were washed off the plate with SSPW and half of the nematodes saved for
histone and RNA extraction. The other half was used for age synchronization to obtain
eggs to start the F4 generation at which point rescue from exposure started by feeding
nematodes with SSPW/OP50 solution without NPs or AgNO3. The rescue was carried
out for three generations (F4, F5, and F6) at which point the experiment was terminated.
The F6 populations were washed off the plate with SSPW and used for histone and RNA
extraction.
3.3.3 Histone and RNA extractions
Nematodes were washed three times using DI water with gentle centrifugation at
800 rpm for 1 min to remove residual bacteria. After the final wash, the nematodes were
split into two groups for histone and RNA extractions. Nematodes for histone extraction
were homogenized by sonication on ice after which the EpiQuik total histone extraction
kit (EpiGentek, Farmingdale, NY) was used following manufacturers recommendations.
Extracted total histone was quantified by use of the Pierce™ BCA Protein Assay Kit
(ThermoFisher Scientific, Rockford, IL). RNA extraction was performed using RNeasy
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Mini Kit with on-column DNase 1 digestion for 15 min at room temperature (QIAGEN,
Hilden, Germany) and quantified using a UV-visible spectrophotometer.
3.3.4 Total H3, global H3K4me2 and global H3K9me3 quantification
Total H3 levels were measured with the EpiQuik Total Histone H3 Quantification
Kit (EpiGentek, Farmingdale, NY) using 250 ng of total histone proteins. Global
H3K4me2 and global H3K9me3 levels were measured with EpiQuik Global Di-Methyl
Histone H3K4 Quantification Kit EpiQuik and Global Tri-Methyl Histone H3K9
Quantification Kit (EpiGentek, Farmingdale, NY), respectively, using 1000 ng of total
histone. Global levels of H3K4me2 and H3K9me3 were normalized to the total H3
levels before analysis. Measurements were performed using three biological replicates
per treatment with two technical replicates per sample. Statistical analysis was
performed using a student t-test.
3.3.5 Quantitative Real-Time Polymerase Chain Reaction Analysis
Expression levels of H3K4me2 demethylase (spr-5) and H3K4
mono/dimethyltransferases (set-17 and set-30) were investigated. H3K9me3
demethylase (jmjd-2) and H3K9 methyltransferase (set-25) expression levels were also
analyzed. The TaqMan primer/probe assay IDs and their amplification efficiencies are
shown in Table S 3.1. Y45F10D.4 gene, a putative iron-sulfur cluster assembly enzyme,
was used as the reference gene due to its highly stable expression levels [178]. Its
expression levels were also stable among all Ag treatments used in this study with 0.51Ct difference (Fig. S 3.1). The data were exported into GenEx software (MultiD), and
after normalization to the reference gene, the expression levels of the target genes relative
to controls were calculated following the Pfaffl method [179]. The patterns of the gene
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expression levels were compared to their respective histone methylation levels observed.
Expression levels of set-26 were also investigated.
cDNA synthesis was carried out with 500 ng of total RNA by using RevertAid
First Strand Synthesis Kit (ThermoFisher Scientific, Vilnius, Lithuania). qRT-PCR
reactions were carried out in 10 µL volumes with TaqMan fast advanced master mix,
TaqMan gene expression assays for each gene, and cDNA diluted 1:100 (spr-5,set-17,set30) or 1:19 (jmjd-2, set-25, set-26). The optimal cDNA dilution factor was determined
based on the dilution amplification curves from the efficiency tests. StepOne Plus system
(Applied Biosystems) was used for all amplifications with a program of 10 min at 95 oC,
followed by 40 cycles of 10 s at 95 oC and 30 s at 60 oC. All treatments for each gene
were run in triplicates. Negative controls and minus reverse transcriptase (-RT) negative
controls were run for every gene/sample to check for DNA contamination.
3.4 Results and Discussion
This study was designed to investigate the potential for changes in epigenetic
modifications and their transgenerational inheritance in C. elegans exposed to AgNO3,
Ag-NPs, and sAg-NPs. We anticipate that our results provide insight into the
mechanisms of previously observed transgenerational toxicity to Ag-NPs and AgNO3
[116]. Overall, our results indicate that all three different Ag treatments induce
differential epigenetic changes in global levels of H3K4me2 and H3K9me3 in C. elegans
and this may have different implications in regards to toxicity. Differential gene
expression patterns identified previously after sub-chronic exposures of C. elegans within
a single generation to these Ag treatments, suggested different mechanisms of toxicity
[138]. Epigenetic modifications, such as histone methylation, are known to regulate gene
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expression [180-182], and it is possible that the differential histone methylation patterns
observed after exposure to different forms of Ag play a role in such differential gene
expression. In addition, the differences in epigenetic changes in response to pristine and
transformed Ag-NPs (sAg-NPs) in this study correlate with the different effects on
reproduction in these treatments observed in our previous multigenerational study [116].
This suggests that the epigenetic mechanism, such as histone methylation, is likely
involved in the multigenerational reproductive toxicity. We have also observed that
changes in histone methylation persist even in the nematode populations after rescue
from pristine Ag-NP treatment suggesting that these modifications have been inherited by
the unexposed generations. Our histone methylation results correlate with the changes in
the expression of the genes, shown or predicted to play a role in these epigenetic
modifications, thus providing additional support for the results of this study.
3.4.1 Global H3K4me2 levels and expression of H3K4me2 demethylase and
methyltransferase
Global H3K4me2 levels prior to exposure (F0), after three generations of exposure
(F3), and after three generations of rescue from exposure (F6) are shown in Fig. 3.2a.
Exposure to AgNO3 and sAg-NPs resulted in a significant decrease (p = 0.030 and p =
0.001 respectively) in H3K4me2 levels compared to the unexposed F0 with recovery after
rescue from the exposure at F6 (p = 0.0674 and p = 0.146 respectively). For Ag-NP
treatment, an increase in H3K4me2 was observed after three generations of exposure
compared to the unexposed F0, though not significant (p = 0.334). Interestingly,
H3K4me2 level was significantly higher in F6 (p = 0.043) after three generations of
rescue from Ag-NP exposure compared to the unexposed F0 and not significantly
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different (p = 0.585) from the F3 generation suggesting transgenerational inheritance of
the H3K4me2 levels.
An increase in histone methylation levels may be explained by a down-regulation
in the demethylase and/or up-regulation in the methyltransferase associated with the
histone methylation mark. However, a decrease in histone methylation may be explained
by an up-regulation in the demethylase and/or a down-regulation in the
methyltransferase. The expression level of spr-5, an H3K4me2 demethylase, is shown in
Fig. 3.2b. No significant changes in spr-5 expression levels were observed for AgNO3
for all three generations analyzed despite the significant decrease in H3K4me2 levels
observed after exposures at F3 when compared to F0. Though no significant downregulation (p = 0.792) in spr-5 was observed after exposures to Ag-NPs at F3, a
significant down-regulation (p = 0.045) in spr-5 levels was observed after rescue from
exposure (F6) when compared to the unexposed F0. The down-regulation of spr-5 at F6
also showed significant correlation
with the higher levels of H3K4me2 observed at F6 (r = 0.99, p < 0.05). This also suggests
transgenerational gene regulation, which can be achieved through the transfer of small
non-coding RNAs to subsequent generations through the germline that may affect gene
expression in subsequently unexposed populations [183] but this was not investigated in
this study. There was a borderline significant up-regulation (p = 0.053) in spr-5 levels
after three generations of exposure (F3) to sAg-NPs when compared to F0. The spr-5
expression levels recovered with a significant decrease (p = 0.024) from the F3 levels at
F6 to unexposed F0 levels after rescue from the exposure. This correlates (r = 0.74, p =
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0.05) with the H3K4me2 levels which were significantly decreased after exposure and
returned to the F0 levels after the rescue.
When comparing treatments to the control group, there were significant
differences in H3K4me2 levels. However, since each treatment started with a different
population of nematodes with potentially different histone methylation backgrounds,
unexposed F0 within each treatment served as its respective ‘control’. In addition, there
were no significant differences among F0, F3, and F6 generations in the levels of
H3K4me2 in our main control group. Expression levels of set-17 and set-30, H3K4
mono/dimethyltransferases, were also tested as their expression levels may explain the
observed H3K4me2 levels in addition to the spr-5 expression levels. No significant
differences in expression levels were observed for set-17 between any of the generations
for the different Ag treatments (Fig. 3.2c). No significant changes were observed
between generations for AgNO3 and sAg-NP treatments after exposures and recovery. A
significant up-regulation (p = 0.001) in set-30 expression levels was observed for Ag-NPs
after exposures (F3) as seen in Fig. 3.2d. Though recovery from the increased levels was
observed at F6 with a significant decrease (p = 0.03) when compared to F3, the expression
levels remain significantly higher (p = 0.019) than F0, again suggesting transgenerational
gene regulation. These expression levels of set-30 correlates significantly (r = 0.99, p <
0.05) with the H3K4me2 levels observed for the Ag-NPs treatment.
For the Ag-NP and sAg-NP treatments, correlation observed between the gene
expression levels of the demethylases and methyltransferases with the global H3K4me2
levels provides another level of evidence to support the H3K4me2 levels observed.
However, despite the significant decrease in H3K4me2 levels after exposures to AgNO3
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treatment, none of the gene expression levels corresponded to the H3K4me2 trend.
Given the good correlation between the expression levels of demethylases and
methyltransferases for Ag-NP and sAg-NP treatments, it is possible that genes encoding
other enzymes, which have not been identified, may be at play in the response of
C.elegans to AgNO3. Our previous findings suggested that some of the multigenerational
reproductive toxicity was due to release of Ag ions from pristine Ag-NPs while mainly
particle specific toxicity was indicated for sAg-NPs [116]. The epigenetic changes
observed in this study seem to indicate that some of these modifications in pristine AgNP treatment are also particle-specific, which is possible, given their low dissolution of
1.5% in the SSPW exposure media.
Exposure of a single generation of C. elegans to another environmental toxin
arsenic in arsenite form was shown to cause an increase in H3K4me2 levels and downregulation of spr-5 in up to three subsequent unexposed generations [125], which also
suggests inheritance of H3K4me2 levels or transgenerational regulation of spr-5
expression levels. In our study, this transgenerational effect was observed only for AgNP exposures. The trend in H3K4me2 was different for Ag-NPs compared to sAg-NPs.
This suggests that an environmental transformation, such as sulfidation of pristine AgNPs, is likely to reduce their toxic effects by affecting histone methylation differently
than pristine Ag-NPs. Genomic regions with high H3K4me2 levels have been linked
with active transcriptional activity [180, 184] and as such, the changes observed may
affect gene expression in these nematodes.
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3.4.2 Global H3K9me3 levels and expression of H3K9me3 demethylase and
methyltransferase
Global H3K9me3 levels for the F0, F3, and F6 populations are shown in Fig. 3.3a.
Exposure to AgNO3 did not cause any significant changes among the generations. In the
case of Ag-NP exposure, an increase was observed at F3 when compared to F0 but was
not significant (p = 0.114) and the levels recovered to almost F0 levels after recovery
from exposure (F6). sAg-NP exposure caused a significant decrease (p = 0.002) in
H3K9me3 levels after exposures (F3) when compared to the unexposed F0. Recovery
was observed at F6 with a borderline significant increase (p = 0.052) in H3K9me3 levels
when compared to F3 and not significantly different (p = 0.316) from F0 levels.
A significant down-regulation (p = 0.006) in H3K9me3 demethylase, jmjd-2,
expression level was observed after exposure to Ag-NPs at F3 (Fig. 3.3b). Even though a
significant recovery (p = 0.027) was observed at F6, the levels still remained significantly
lower (p = 0.029) compared to F0, again suggesting transgenerational gene regulation for
Ag-NPs exposure. Though increase in H3K9me3 levels observed for Ag-NP exposure
were not significant, the trend observed correlates significantly (r = 0.82, p < 0.05) with
the jmjd-2 expression levels. For transformed sAg-NPs, a significant up-regulation (p =
0.019) in jmjd-2 levels was observed after exposure in F3 when compared to the
unexposed F0, which also supports the decrease in H3K9me3 levels. The jmjd-2 levels
recovered in F6 with a significant increase (p = 0.016) when compared to F3. The
recovery overcompensates such that the jmjd-2 levels in F6 were significantly lower than
the F0 levels. This corresponds to the H3K9me3 levels observed in response to the sAgNP exposure. The trends observed for the different treatments suggest that an
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environmental transformation of Ag-NPs alters their toxicity and toxicity mechanisms.
For AgNO3 treatment, an insignificant down-regulation (p = 0.099) was observed after
exposures in F3 compared to the F0 generations. No significant differences were detected
among any of the AgNO3 generations for jmjd-2 expression levels as expected, based on
the H3K9me3 levels, suggesting that exposure to AgNO3 does not affect H3K9me3
levels.
The expression levels of H3K9 methyltransferase set-25 are shown in Fig. 3.3c.
No significant differences were observed in the expression levels after exposures at F3
compared to the unexposed F0 levels for all treatments. This suggests that the changes in
H3K9me3 levels observed after exposures to Ag-NPs and sAg-NPs are primarily due to
the changes observed for jmjd-2. Despite the significant down-regulation of jmjd-2 in F3
for Ag-NPs, the insignificant increase in H3K9me3 levels might be explained by the
slight but insignificant down-regulation of set-25 (p = 0.091) observed after exposures.
Surprisingly, after rescue from exposure at F6, there was a significant up-regulation of
set-25 for AgNO3 when compared to F0 (p = 0.013) and F3 (p = 0.008) but this does not
correlate with H3K9me3 levels. The recovery population of the Ag-NP exposed worms
also showed a significant up-regulation of set-25 when compared to F3 (p = 0.019) but
not F0 (p = 0.077). Some redundancy in the activity of the methyltransferases might be
expected and may also play a role in histone methylation at other lysine sites, as has been
shown for human histone methyltransferases [185]. This suggests that the changes
observed in the H3K9me3 levels are primarily due to jmjd-2 expression levels as the
expression pattern clearly matches the H3K9me3 changes observed for Ag-NP and sAgNP exposures.
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Though set-26 was shown to have H3K9 methyltransferase activity in vitro [122],
it does not have the same activity in vivo. However, it plays a role in the regulation of
lifespan, transgenerational fertility, development, and aging [176, 177]. No significant
differences in terms of the gene expression levels were observed among generations for
the AgNO3 and Ag-NP treatments (Fig. 3.3d). Despite the increase observed at F6 for
controls and AgNO3, there was a large amount of variation among replicates and the
increases were not significant when compared to the corresponding F0 (p = 0.253 and p =
0.311 respectively) or F3 generations (p = 0.263 and p = 0.479 respectively). Exposure
to sAg-NPs caused a significant up-regulation of set-26 (p = 0.022) after exposures at F3
compared to F0 (Fig. 3.3d). After recovery from exposure (F6), there was a significant
down-regulation (p = 0.029) when compared to F3 but no significant difference (p
=0.661) compared to the unexposed F0. This gene expression pattern of set-26 does not
correspond with H3K9me3 levels observed for sAg-NPs suggesting that set-26 indeed
may not have H3K9 methyltransferase activity in vivo. Interestingly, in our previous
multigenerational study by Schultz et al., [116], sAg-NPs showed a significant decrease
in lifespan and set-26 is known to correlate negatively with lifespan [176].
The results demonstrate that changes in epigenetic modifications, such as global
levels of H3K4me2 and H3K9me3, are likely to play an important role in toxicity when
C.elegans is exposed to Ag nanomaterials. These epigenetic changes can be inherited
and may explain, at least in part, some of the transgenerational toxicity that has been
observed [116]. The results also show that environmental transformation of Ag-NPs to
sAg-NPs affects the biological responses of C elegans. While pristine Ag-NPs seem to
cause an increase in levels of the histone methylation markers assessed, sAg-NPs have an
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opposite effect by decreasing the levels of the histone methylation markers. When
compared to pristine Ag-NPs, AgNO3 may have a different mode of toxicity despite both
treatments inducing transgenerational reproductive toxicity. This study examined
changes in the global levels of histone methylations and future studies of the locusspecific histone methylation patterns are warranted to gain a deeper understanding of
exactly where these changes occur and what specific genes might be affected.
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Figures:

Figure 3.1 Exposure of Caenorhabditis elegans to AgNO3, pristine Ag nanoparticles (AgNPs) and sulfidized Ag-NP (sAg-NPs). Top panel illustrates multigenerational control
group and bottom panel illustrate exposures. Total histone and RNA were extracted from
generations F0, F3 and F6.
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Figure 3.2 H3K4me2 global levels (a) and spr-5 (b), set-17 (c), and set-30 (d) gene
expression levels after exposure of Caenorhabditis elegans to AgNO3 (Ions), pristine
Ag nanoparticles (Ag-NPs) and sulfidized AgNP (sAg-NPs). Bars represent standard
error of the means. *, ** signifies the difference with control at p ≤ 0.05 and p ≤
0.01 respectively. Filled triangles signify the difference between generations of the
same treatment at p ≤ 0.05 and p ≤ 0.01.
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Figure 3.3 H3K9me3 global levels (a), jmjd-2 (b), set-25 (c), and set-26 (d) gene
expression levels after exposure of C. elegans to AgNO3 (Ions),pristine Ag-NPs (AgNP) and sulfidized Ag-NP (sAg-NP). Bars represent standard error of the means. *,
** signifies difference with control at p ≤ 0.05 and p ≤ 0.01 respectively. Filled
triangles signify the difference between generations of the same treatment at p ≤ 0.05
and p ≤ 0.01 respectively.
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Supplementary Information
Multigenerational exposure of Caenorhabditis elegans to silver nanoparticles induces
histone methylation changes

Tables:

Table S 3.1 Assay IDs and efficiencies of TaqMan primer/probes used for qRT-PCR
Efficiency
Gene symbol
Gene function
Assay ID
(%)
spr-5 (Y40B1B.6)
H3K4me2 demethylase
Ce02425325_m1
107.5
set-17 (T21B10.5) H3K4 mono/dimethyltransferase Ce02436618_g1
97.4
set-30 (ZC8.3)
H3K4 mono/dimethyltransferase Ce02494939_m1
101.4
jmjd-2 (Y48B6A.11)
H3K9me3 demethylase
Ce02441406_m1
98
set-25 (Y43F4B.3)
H3K9 methyltransferase
Ce02454196_g1
102.6
H3K9 methyltransferase
set-26 (Y51H4A.12)
Ce02506625_s1
98
(in vitro only)
Y45F10D.4
Uncharacterized
Ce02467252_g1
100
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Stability of the Reference Gene. An equivalent amount of total RNA from
Caenorhabditis elegans exposed to control, AgNO3, pristine Ag-NPs, and sAg-NPs was
converted to cDNA and the cDNA diluted up to 20-fold for qRT-PCR. The
amplification curves of Y45F10D.4 gene under different treatments showed stable
expression, indicating it can be used as a reference gene for relative quantification in our
study.

Figure S 3.1. The quantitative real-time PCR (qRT-PCR) amplification curves of
Y45F10D.4 gene expression in control, AgNO3 (Ag Ions), pristine silver
nanoparticles (Ag-NPs), and sulfidized Ag-NPs (sAg-NPs) treatments.
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Chapter 4: Global DNA methylation levels in Caenorhabditis elegans after
multigenerational exposure to silver nanoparticles
Anye Wamucho, Tyler H. Bair, John May, Jason M. Unrine, Isabel Mellon, and Olga V.
Tsyusko
4.1 Synopsis
Multigenerational and transgenerational reproductive toxicity in the soil nematode
Caenorhabditis elegans exposed to silver nanoparticles (Ag-NPs) and silver ions
(AgNO3) have been shown previously. However, there is limited understanding of the
mechanisms for the transfer of such toxic effects to subsequent generations. This study
was designed to examine an epigenetic mark, DNA methylation, after multigenerational
exposure of C. elegans to pristine and sulfidized Ag-NPs and AgNO3. Methylation of
adenine (measured as N6-methyl-2’-deoxyadenosine (6mdA)), is an epigenetic mark
which can be inherited, and was shown to correlate negatively with fertility in C. elegans.
Levels of 6mdA were measured as 6mdA/dA ratios prior to C. elegans exposure (F0),
after two generations of exposure (F2) and after two generations of rescue (F4) using
high-performance liquid chromatography with tandem mass spectrometry (LC-MS/MS).
Although both AgNO3 and Ag-NPs induced multigenerational reproductive toxicity, only
AgNO3 exposure caused a significant increase in 6mdA levels after exposures (F2) which
may explain the reproductive toxicity. However, after two generations of rescue (F4), the
6mdA levels in AgNO3 treatment returned to F0 levels suggesting other epigenetic
modifications may be involved. No significant changes in DNA methylation were
observed in pristine and sulfidized Ag-NP treatments. This study demonstrates the
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involvement of an epigenetic mark in AgNO3 reproductive toxicity and suggests that
AgNO3 and Ag-NPs may have different toxicity mechanisms.
Keywords: Demethylase, epigenetics, gene expression, methyltransferase,
nanomaterials, nematode.
4.2 Introduction
Silver nanoparticles (Ag-NPs) have been increasingly incorporated into consumer
products as a result of their antimicrobial properties [10, 45, 46], thereby increasing
concerns of the environmental implications of these nanomaterials. There is growing
evidence that exposures of different model organisms to an array of nanoparticles induce
multigenerational and transgenerational toxic effects [116, 141, 142, 144, 146, 147, 150].
Multigenerational exposures at sub-lethal concentrations, especially those including the
environmentally relevant forms of Ag-NPs, are required to adequately assess
environmental risks. In a multigenerational study with a model soil nematode,
Caenorhabditis elegans, exposure to Ag-NPs and AgNO3 over multiple generations
caused increased sensitivity to reproductive toxicity of Ag and Ag-NPs. This heightened
sensitivity was transmitted to subsequent generations even after rescue from exposure for
a four more generations, demonstrating inheritance of these toxic effects. Increased
sensitivity to reproductive toxicity from Ag was not observed as much in response to the
environmentally transformed sulfidized Ag-NPs (sAg-NPs) [116]. Our previous
epigenetic study on the changes in histone methylations after multigenerational C.
elegans exposure showed ochanges in H3K4me2 and H3K9me3 levels for pristine and
sulfidized Ag-NPs, (Chapter 3, submitted to ES&T) indicating that epigenetic changes
are involved in the observed multi- and transgenerational toxicity.
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The interplay between histone modifications, including histone acetylation and
histone methylation, and DNA methylation have been shown to play a role in regulating
gene expression in human cancer cells [186, 187]. Changes in DNA methylation in
mammalian cell lines after exposure to different NPs have been reported [188-193] .
Exposure of mouse cell lines to Ag-NPs has caused an increase in DNA methylation and
upregulation of DNA methyltransferases at protein levels [192]. DNA methylation in
mammals occurs at the 5th position of the cytosine ring to form 5-methylcytosine (5mC).
Though C. elegans lacks 5mC, it was recently demonstrated that DNA methylation in C.
elegans occurs on the 6th position of the adenine ring to form N6-methyladenine- [121].
Recent studies using C. elegans mutant strain, which lacks histone 3 lysine 4 dimethyl
(H3K4me2) demethylase (spr-5) activity, demonstrated interplay between changes in
histone methylation and DNA methylation (measured as N6-methyl-2’-deoxyadenosine
(6mdA)),with effects on C. elegans transgenerational sterility [121, 122]. In addition to
the transgenerational increase in global H3K4me2 levels, the spr-5 mutants were also
shown to accumulate 6mdA in a trans-generationally inherited manner [121]. In the same
study, a potential DNA methyltransferase, DNA N6-adenine methyltransferase (damt-1)
and a DNA N6-methyl adenine demethylase, (nmad-1) were identified (nmad-1) [121].
Rescue from both the increased global levels of H3K4me2 and 6mdA, through RNA
interference knockdown of the methyltransferases or overexpression of the demethylases,
ameliorated the transgenerational sterility observed in these mutants [121, 122]. These
results imply a possibility of cross-talk between histone and DNA methylation in the C.
elegans transgenerational sterility.
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In this study, we investigated the involvement of 6mdA as a potential mechanism
by which the heightened sensitivity to toxicity observed for C. elegans exposed to
AgNO3 and Ag-NPs is transmitted to subsequent generations. We also tested whether
these changes in DNA methylation can be transmitted to unexposed offspring. Sulfidized
Ag-NPs (sAg-NP) were included in this study to understand the effects of environmental
transformations of pristine Ag-NPs on DNA methylation and to determine if any changes
in 6mdA levels are restricted to AgNO3 and Ag-NPs. We hypothesize that the
reproductive toxic memory may be transmitted to subsequent generations through
changes in epigenetic marks, such as 6mdA, which can be inherited.
4.3 Materials and Methods
4.3.1 Silver nanoparticle synthesis and characterization
Polyvinylpyrrolidone (PVP) coated Ag-NPs were synthesized as previously
described [155]. The same batch of Ag-NPs used by Starnes et al. [82] and Schultz et al.
[116] was used in this study. Sulfidation was carried out by combining Ag-NPs with
Na2S at a 2:1 molar ratio of S to Ag. The mixture was incubated at room temperature for
4 hours open to the atmosphere. The tube was capped and sealed, and incubated at room
temperature for an additional 7 days. The sAg-NPs were separated from the reaction
solution and washed thrice with 18.2 MΩ deionized water. Complete sulfidation was
confirmed by powder X-ray diffraction (X’Pert Pro, Malvern PANalytical, Malvern,
UK).
Characterization of Ag-NPs is described in our previous studies. The
transmission electron microscopy (TEM) primary particle sizes were reported to be 58.3
± 12.9 nm for PVP coated Ag-NPs and 64.5 ± 19.4 nm for sAg-NPs [82]. Upon addition
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of Ag-NPs and sAg-NPs into the simulated soil pore water (SSPW) used for exposures,
the volume weighted sizes were determined by dynamic light scattering to be 66.26 ±
34.33nm and 60.73 ± 20.67 nm respectively. The zeta potential of Ag-NPs and sAg-NPs
in the SSPW were -5.3 mV and -15.7 mV respectively. From our previous
multigenerational study which used the same NPs in the same media (SSPW), the
dissolution after 96 h determined via ultrafiltration was 1.5 ± 0.1% for Ag-NPs and 0.023
± 0.002% for sAg-NPs [116].
4.3.2 Nematode exposures
Caenorhabditis elegans (N2) was acquired from the Caenorhabditis Genetics
Center (University of Minnesota, USA). In this study, exposures were carried out on a
population of nematodes which were propagated for multiple generations as illustrated in
Fig. 4.1. DNA methylation (6mdA) levels were analyzed in different generations prior to
exposure (F0), after two generations of exposure (F2), and after two generations of rescue
from exposure (F4) to determine the influence of the different forms of Ag exposures on
6mdA levels (Fig.4. 1). Exposures were carried out in simulated soil pore water (SSPW)
to mimic natural soil solution condition [116, 156]. First, exposure to pristine Ag-NPs
was carried out in a separate experiment followed by exposures to AgNO3 and sAg-NP in
the same experiment.
Age synchronization using NaClO/ NaOH solution was performed and eggs were
placed in 10 cm SSPW agar plates to start the unexposed F0 populations of three
replicates per treatment group (control, AgNO3, pristine Ag-NPs, and sAg-NPs).
Nematodes were fed dam- dcm- E. coli strain (NEB C2925) which lacks
methyltransferases that carry out adenine and cytosine methylation. E. coli, suspended in
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6 ml of SSPW at an optical density (540 nm) of 0.35 was added to each plate as a food
source and incubated at 20 oC. After 96 hours, nematodes were washed off the plate into
15 ml centrifuge tubes using SSPW and split in half. Half of the nematodes were saved
for DNA extraction and half used for age synchronization to obtain eggs for the next
generation (F1). Exposures were started at the F1 generation with the SSPW/dam-dcm- E.
coli food source dosed with equitoxic concentrations (EC30 for reproduction as
determined from dose-response experiments [116] and reconfirmed in this experiment) of
AgNO3 (0.07 mg/L), Ag-NPs (1.5 mg/L), and sAg-NPs (6 mg/L). The SSPW/OP50
solution without NPs or AgNO3 was used for controls throughout the experiment.
Exposures were carried out for two generations (F1 and F2), each generation exposed for
96 hours after which age synchronization was performed to obtain eggs for each
subsequent generation. After the last exposure (F2), nematodes were washed off the plate
with SSPW and half of the nematodes saved for DNA extraction. The other half was
used for age synchronization to obtain eggs to start the F3 generation at which point
rescue from exposure started by feeding nematodes with SSPW/dam-dcm- E. coli solution
not spiked with any of the Ag treatments. The rescue was carried out for two generations
(F3 and F4) at which point the experiment was terminated. The F4 populations were
washed off the plate with SSPW and used for DNA extraction.
4.3.3 DNA extractions
Nematodes were washed thrice using DI water with gentle centrifugation at 800
rpm for 1 min to get rid of residual bacteria. After the final wash, the nematodes were
used for DNA extraction using Qiagen DNeasy Blood & Tissue Kit (QIAGEN, Hilden,
Germany). After the final wash, nematodes were re-suspended in 200 µl of ATL buffer.
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Six free-thaw cycles were performed and 20 µl of proteinase K added. Samples were
incubated for 3 h at 56 oC, and briefly, vortexed every 15 min for 15 s. Proteinase K was
deactivated at 90 oC for 10 min. DNA was then treated with RNase A/T1 mix (Thermo
Scientific) at a 1:20 dilution and RNaseH (NEB) at a 1:50 dilution for 1 hr at 37 oC. The
samples were transferred to the Qiagen columns and DNA was eluted with 150 µl of TE
(10 mM Tris-HCl, 1mM EDTA, pH 7.5) and stored at -20 oC.
4.3.4 Quantification of 6mdA in genomic DNA by LC-MS/MS analysis
The method for 6mdA quantification was adapted from Greer et al. [121].
Extracted genomic DNA was concentrated and re-suspended in nuclease-free H2O water
using DNA Clean & ConcentratorTM-5 Kit (Zymo Research) as described by the
manufacturer. DNA samples were eluted using 45 µl of DI water. DNA concentrations
were measured using the DNA Quantitation kit, Fluorescence Assay (DNAQF-1KT,
Sigma-Aldrich) according to the manufacturer’s recommendations. Fluorescence was
measured using a DyNA Quant 200 fluorometer (Hoefer Pharmacia Biotech Inc., CA,
USA).
C. elegans genomic DNA (1-9 µg) in 40 µl of nuclease-free H2O was digested to
free nucleosides using 5 IU of DNA degradase plus (Zymo Research) in 50 µl reactions
for 4 h at 37 oC. For calibrations standards, N6-methyl-2’-deoxyadenosine (6mdA) and
2’-deoxyadenosine (dA) (Thermo Scientific), were digested using 5 IU of DNA
degradase plus in 50 µl reactions for 4 hrs at 37 oC. After digestion of the standards and
samples, the volume was brought up to 80 µl with DI water. The samples were
centrifuged at 14,000 rpm for 15 min after which 70 µl of the supernatant was transferred
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into fresh vials. 20 µl of each sample was analyzed by reverse-phase high-performance
liquid chromatography with tandem mass spectrometry (HPLC-MS/MS).
The nucleosides were separated by reverse-phase HPLC using a Varian ProStar
210 HPLC system with a phenomenex kinetex C18 reversed-phase column (100 x 2.1
mm, 2.6µm). Mobile phase A was water with 0.1% (v/v) formic acid and mobile phase B
was methanol with 0.1% (v/v) formic acid. The gradient used was 8 min from 98% phase
A and 2% phase B to 5 % phase A and 95 % phase B for 4 min, followed by 10 min post
run with 98% phase A and 2% phase B. Online mass spectrometry detection was
performed using a VARIAN 1200L triple quadrupole mass spectrometer in positive
electrospray ionization mode. Quantification was accomplished in multiple reaction
monitoring (MRM) by monitoring the transitions of 266.0–150.0 (6mdA) and 252.0–
136.0 (dA). Quantification of the ratio of 6mdA/dA was performed using calibration
curves obtained using nucleoside standards acquired from Alfa Aesar (Haverhill, MA).
4.3.5 Quantitative Real-Time Polymerase Chain Reaction Analysis
In our previous study which investigated changes in histone methylation (Chapter
3; submitted to ES&T), RNA was extracted from C. elegans prior to exposure (F0), after
three generations of exposure (F3), and after three generations of rescue from exposure
(F6) to AgNO3, Ag-NPs, and sAg-NPs. The same batch of Ag-NPs and sAg-NPs were
used and the same experimental procedures followed. Expression levels of DNA N6adenine methyltransferase 1 (damt-1) and N6-methyl adenine demethylase 1 (nmad-1)
were investigated. cDNA synthesis was carried out with 500 ng of total RNA by using
RevertAid First Strand Synthesis Kit (ThermoFisher Scientific, Vilnius, Lithuania).
qRT-PCR reactions were performed in 10 µL volumes with TaqMan fast advanced
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master mix, TaqMan gene expression assays for each gene, and cDNA diluted 1:19. The
optimal cDNA dilution factor was determined based on the dilution amplification curves
from the efficiency tests. StepOne Plus system (Applied Biosystems) was used for all
amplifications with a program of 10 min at 95 oC, followed by 40 cycles of 10 s at 95 oC
and 30 s at 60 oC. All treatments for each gene were run in triplicates. Negative controls
and minus reverse transcriptase (-RT) negative controls were run for every gene/sample
to check for DNA contamination.
The TaqMan primer/probe assay IDs and their amplification efficiencies are
shown in Table S 4.1. Y45F10D.4 gene, a putative iron sulfur cluster assembly enzyme,
was used as the reference gene due to its highly stable expression levels [178]. Its
expression levels were also stable among all Ag treatments used with 0.5-1Ct difference
(Fig. S 4.7). The data were exported into GenEx software (MultiD), and after
normalization to the reference gene, the expression levels of the target genes relative to
controls were calculated following the Pfaffl method [179].
4.4 Results and Discussion
Our results suggest that exposure of C. elegans to AgNO3 caused a significant
increase in the global levels of 6mdA. The pristine Ag-NPs and sAg-NPs did not show
any significant changes in the 6mdA levels after exposure. Increased levels of 6mdA
were demonstrated to cause transgenerational sterility by Greer et al., [121] and the data
from the present study correlate with our previous study which showed that AgNO3
caused heritable increases in sensitivity to reproductive toxicity from AgNO3 and AgNPs [116]. Despite observing heightened sensitivity for pristine Ag-NPs [116] as well as
changes in histone methylation (Chapter 2, submitted to ES&T), we did not obtain
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evidence that 6mdA is involved in response to Ag-NPs. The increased global levels of
6mdA detected after exposure to AgNO3 were not inherited based on the global levels
detected after two generations of rescue from exposures. This result also demonstrates
that the mechanism of toxicity of AgNO3 may be different from those of the Ag-NPs.
4.4.1 DNA methylation levels
The LC-MS/MS chromatograms for standards of dA as well as 1mdA and 6mdA
are shown in Figs. S 4.1 and S 4.2 respectively. The retention times in mins for dA,
1mdA, and 6mdA were approximately 2.7, 1.5, and 5.7 respectively. We identified
another peak in all samples which corresponded to the mass spectrometry analysis of
methyl-2’-deoxyadenosine but had a lower retention time of 5.25 min compared to the
5.7 mins for 6mdA (Figs S 4.3-S 4.6). The 1mdA was included to determine if this
additional peak was 1mdA. However, this extra peak did not correspond to 1mdA. We
were unable to acquire any other methyl-2’-deoxyadenosine standard and we focused on
the 6mdA peaks. Representative HPLC-MS/MS chromatograms of controls, AgNO3,
Ag-NPs, and sAg-NPs-treatments for the F0, F2 and F4 generations are shown in Figs. S
4.3, S 4.4 S 4.5, and S 4.6 respectively. We did not detect 1mdA in any of our treatment
groups (Fig. S 4.5) suggesting that the 1mdA is not involved in the reproductive toxicity
induced by the Ag treatments. The global 6mdA/dA ratios for controls, AgNO3,pristine
Ag-NPs, and sAg-NPs exposed nematodes, as determined using the standard curves, are
shown in Fig. 4.2.
Significantly higher levels of global 6mdA after two generations of exposure to
AgNO3 were detected at F2 (p = 0.035; Fig 4.2). Interestingly, increased levels of global
6mdA correlated with transgenerational sterility as observed by Greer et al., [121] in the
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C. elegans spr-5 mutant. Multigenerational exposure to AgNO3 as previously shown
[116], caused a heritable increase in sensitivity to reproductive toxicity from Ag as well.
This result implicates the involvement of global 6mdA levels in the reproductive toxicity
caused by the AgNO3 treatment. After two generations of rescue from AgNO3, the levels
of 6mdA decreased to almost F0 levels. However, it remained slightly higher than F0
levels though not significant. This suggests that the nematodes do recover from the
higher global levels of 6mdA observed at F2 after exposures, but not completely. The
study by Schultz et al., [116] showed that after six generations of exposure, the heritable
increase in sensitivity to reproductive toxicity was observed in subsequent unexposed
generations for up to four generations for AgNO3 and Ag-NPs. In this study, we exposed
for only two generations as the previously observed increase in sensitivity was observed
as early as the F2 generation. It remains to be seen if the duration of exposure determines
if and how early subsequent generations may recover to normal levels of global 6mdA.
We did not detect any significant increase in global 6mdA levels after two
generations of exposure to Ag-NPs (Fig 4.2). However, the global 6mdA levels of the F0
unexposed samples in Ag-NP treatment were higher than control levels. Interestingly,
the global 6mdA level after two generations of rescue from exposure (F4) returned to
control levels and was lower than the F0 and F2 levels. The higher levels of global 6mdA
at the F0 generation may have masked any significant increase in 6mdA levels that may
have been induced by the Ag-NP treatment. However, we fail to obtain any conclusive
evidence that Ag-NP induce significant changes in global 6mdA levels in this study.
Future studies on DNA methylation should focus on loci specific changes as changes in
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DNA methylation patterns may not be sufficient to detect from global DNA methylation
analysis.
For the nematodes exposed to sAg-NPs , there were no significant changes in the
levels of 6mdA after two generations of exposures (p = 0.179), although there was a
slight increase (Fig. 4.2). Unlike the AgNO3 and Ag-NP treatments, which caused an
increase in sensitivity in terms of reproductive toxicity in as early as the F2 generation,
sAg-NPs only did so after ten generations of exposure and at a lesser degree [116].
Therefore, we did not expect to see increased levels of 6mdA at the F2 generation for
sAg-NPs exposure. Despite no significant increases during exposure for sAg-NPs, rescue
from exposure caused a significant decrease in the levels of 6mdA at F4 compared to the
F2 levels (p= 0.015). The significant decrease may be as a result of the small but not
significant increase that was observed after exposures at F2. Despite this, the F6 levels
were not significantly different from the F0 levels. Interestingly, there was also a
decrease in global 6mdA levels after rescue from exposure to Ag-NPs, though not
significant (Fig. 4.2). This suggests that although no significant changes in 6mdA have
been observed after exposure to Ag-NPs and sAg-NPs, removal of these treatments after
exposure may in itself have an effect on the nematodes.
4.4.2 Expression of damt-1 and nmad-1
No significant differences were observed in mRNA levels of the damt-1 (Fig.
4.3a), or the nmad-1 (Fig. 4.3b) for any of the treatment after exposure or after rescue
from exposure. Considering the significant increase in 6mdA/dA ratios observed after
exposure to AgNO3, we expected upregulation of damt-1 and/or a downregulation of
nmad-1. However, it should be noted that up to three major DNA methyltransferases
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(DNMT-1, DNMT-3a, and DNMT-3b can catalyze the methylation of cytosine to 5methylcytosine [194]. While DNMT-1 maintains established methylation patterns,
DNMT-3a and DNMT-3b are responsible for de novo DNA methylation [194-196].
DNA N6-adenine methyltransferase 1 (damt-1) is an orthologue of human
methyltransferase-like protein 4 (METTL-4) which is involved in RNA N6-adenosine
methylation [121]. METTL-4 has mammalian homologs such as METTL-3 and
METTL-14 which have been shown to have higher methylation activity [197]. It is
therefore possible that other DNA N6-adenine methyltransferases are yet to be identified
that may be involved in de novo DNA methylation under stress conditions. It should also
be noted that gene expression levels were measured after three generations of exposure
and three generations of rescue whereas 6mdA levels were measured after two
generations of exposure and two generations of rescue. It is, therefore, possible that the
expression levels may change only transiently at the beginning of exposures, which might
also explain why the increase in the DNA methylation level in AgNO3 treatment was not
inherited. Time gene expression analysis during exposures would be warranted to
determine it.
This study was designed to investigate the potential changes in global DNA
methylation (6mdA) levels which may explain at least in part, the multi- and
transgenerational increase in sensitivity to reproductive toxicity observed after exposures
of C. elegans to AgNO3 and Ag-NPs. Recovery from exposure was also tested to
determine if any changes in 6mdA levels during exposure were inherited in subsequent
generations. Overall, this study demonstrates that exposure to AgNO3, but not pristine
Ag-NPs and sAg-NPs, causes a significant increase in global levels of 6mdA. To our
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knowledge, this is the first study that shows that DNA methylation is involved in metal
(Ag) toxicity in C. elegans. Interestingly, AgNO3 and Ag-NP exposures caused
transgenerational heightened sensitivity to these treatments in terms of reproductive
toxicity even after rescue from exposure. This, therefore, suggests that one potential
mechanism of the transgenerational toxicity observed, at least in the case of AgNO3,
could be through changes in epigenetic marks which can be inherited. Despite pristine
Ag-NPs causing multi- and transgenerational reproductive toxicity as AgNO3, we did not
observe a significant increase in 6mdA in response to Ag-NPs. Thus the mechanisms of
transgenerational toxicity may be different for Ag-NPs and AgNO3 which is also
supported by our results from the histone methylation changes observed (Chapter 2,
submitted to ES&T). We can also conclude that we did not observe interplay between
changes in DNA methylation and histone methylation at the specific histone methylation
marks analyzed previously. Changes in 6mdA levels may have dire consequences on
gene expression due to 6mdA causing site-specific RNA polymerase II transcriptional
pausing [198]. Although global 6mdA levels may not change significantly for pristine
Ag-NPs and sAg-NPs, significant changes in 6mdA levels may occur at specific loci
which may not be discernable by assessing global levels. Starnes et al., [138] showed
that these different Ag treatments had imparted distinct transcriptomic profiles in a subchronic exposure study suggesting that changes in epigenetic modifications, which can
affect gene transcription, may occur in a loci-specific manner. It is, therefore, necessary
to perform a genome-wide DNA methylation profile using Methylated DNA
Immunoprecipitation and Sequencing (MeDIP-Seq). This may also reveal specific genes
affected by 6mdA in the different Ag treatments.
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Figures:

Figure 4.1 Exposure of C. elegans to AgNO3, pristine silver nanoparticles (AgNP) and sulfidized Ag-NPs (sAg-NPs). DNA was extracted from F0, F2 and F4.
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Figure 4.2 Global 6mdA levels after exposure to AgNO3, pristine silver
nanoparticles (Ag-NPs), and sulfidized Ag-NPs (sAg-NPs) assessed by HPLCMS/MS. AgNO3 exposure caused a significant increase in 6mdA levels. Each
bar represents the mean and SEM of three biological replicates. * p < 0.05
when compared to controls. Filled triangle signifies difference between
generations of the same treatment
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Figure 4.3 N6-adenine methyltransferase 1(damt-1) (a) and N6-methyl adenine
demethylase 1 (nmad-1) (b) gene expression levels prior to exposure (F0), after
three generations of exposure (F3), after three generations of rescue (F6) after
exposure to AgNO3, pristine Ag-NPs (Ag-NPs) and sulfidized Ag-NPs (sAg-NPs).
Each bar represents the mean and SEM of three biological replicates
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Supplementary Information
Caenorhabditis elegans global N6-methyl-2’-deoxadenosine levels after
multigenerational exposure to silver nanoparticles
Results
LC-MS/MS Chromatograms. The chromatograms of the 2’ Deoxyadenosine (dA)
standard are shown in Fig. S1 and the chromatogram of the N1-methyl-2’deoxyadenosine (1mdA) and N6-methyl-2’- deoxyadenosine (6mdA) standards are shown
in Fig. S2. Representative chromatograms of one replicate for all generations for
controls, AgNO3, pristine Ag-NPs , and sAg-NPs are shown in Fig. S3-S6 respectively.
Standard concentrations were selected based on Caenorhabditis elegans DNA
sample test runs. Standards were ran through the same digestion process as the C.
elegans DNA samples before subjected to HPLC-MS/MS and used to generate 1mdA and
6mdA linear standard curves for quantification of C. elegans 1mdA and 6mdA levels
respectively. Quantification was accomplished in multiple reaction monitoring (MRM)
by monitoring the transitions 266.0–150.0.
For the samples, a second peak corresponding to the monitored 266.0 to 150.0
transition was detected with a slightly lower retention time (approximately 5.25 minutes)
compared to 6mdA as seen in Fig. S3- S6. Test samples spiked with 6mdA prior to
HPLC-MS/MS runs indicated that the peak does not correspond to 6mdA (data not
shown). The retention time of the peak did not also correspond to 1mdA suggesting
another potential methyl-2’-deoxyadenosine base in the C. elegans genome, potentially
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methylated at another position on the adenosine ring. dA and 6mdA levels were
quantified using standard curves generated from the standards ran at the same time with
the samples.

Tables:
Table S 4.1 Assay IDs and efficiencies of TaqMan primer/probes used for qRT-PCR
Efficiency
Gene symbol
Gene name
Assay ID
(%)
6
DNA N -methyl adenine
damt-1 (C18A3.1)
Ce02432992_g1
100.7
methyltransferase
DNA N6-methyl adenine
nmad-1 (F09F7.7)
Ce02406554_g1
97.1
demethylase
Y45F10D.4
Uncharacterized
Ce02467252_g1
100

90

Figures:

Figure S 4.1 HPLC-MS/MS chromatograms of 2’ Deoxyadenosine (dA) standard.
The concentration for dA standards was between 0.5 mg/L – 10 mg/L. dA had a
retention time of 2.7 minutes.
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Figure S 4.2 HPLC-MS/MS chromatograms of N1-methyl-2’- deoxyadenosine
(1mdA) and N6-methyl-2’- deoxyadenosine (6mdA) standards. The concentration
for both standards was between 0.025 µg/L – 1 mg/L. 1mdA had a retention time of
1.5 minutes and 6mdA had a retention time of 5.7 minutes.
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Figure S 4.3 Representative HPLC-MS/MS chromatograms of 2’ deoxyadenosine (dA),
N1-methyl-2’- deoxyadenosine (1mdA), and N6-methyl-2’- deoxyadenosine (6mdA) of
control C. elegans DNA samples. 1mdA was not detected for any sample.
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Figure S 4.4. Representative HPLC-MS/MS chromatograms of 2’ deoxyadenosine
(dA), N1-methyl-2’- deoxyadenosine (1mdA), and N6-methyl-2’- deoxyadenosine
(6mdA) of AgNO3 (I) exposed C. elegans DNA samples. 1mdA was not detected
for any sample. 6mdA levels after two generations of exposures (F2) was
significantly higher compared to the unexposed F0 as determined by the 6mdA/dA
ratio. 6mdA levels retuned to almost F0 levels after rescue for two generations from
exposure (F4).
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Figure S 4.5 Representative HPLC-MS/MS chromatograms of 2’ deoxyadenosine
(dA), N1-methyl-2’- deoxyadenosine (1mdA), and N6-methyl-2’- deoxyadenosine
(6mdA) of pristine Ag-NPs (P) exposed C. elegans DNA samples. 1mdA was not
detected for any sample.

95

Figure S 4.6 Representative HPLC-MS/MS chromatograms of 2’ deoxyadenosine
(dA), N1-methyl-2’- deoxyadenosine (1mdA), and N6-methyl-2’- deoxyadenosine
(6mdA) of sulfidized (S) Ag-NP exposed C. elegans DNA samples. 1mdA was not
detected for any sample.
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Stability of the Reference Gene: An equivalent amount of total RNA from
Caenorhabditis elegans exposed to control, AgNO3, pristine Ag-NPs, and sAg-NPs was
converted to cDNA and the cDNA diluted up to 20-fold for qRT-PCR.

The

amplification curves of Y45F10D.4 gene under different treatments showed stable
expression, indicating it can be used as a reference gene for relative quantification in our
study.

Figure S 4.7 The quantitative real-time PCR (qRT-PCR) amplification curves of
reference Y45F10D.4 gene expression in C. elegans from control, AgNO3 (Ag Ions),
pristine Ag-NPs, and sulfidized Ag-NPs (sAg-NPs) treatments.
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Chapter 5: Conclusions and future directions
We attempted to unravel the potential avenues that may be involved in the
multigenerational toxicity observed in a model organism, soil nematode Caenorhabditis
elegans after exposure and after rescue from exposure to AgNO3, pristine Ag-NPs, and
sulfidized sAg-NPs in an earlier study [116]. We conducted a series of multigenerational
experiments to assess the accumulation of germline genomic mutations and epigenetic
changes in histone and DNA methylation marks that have been associated with effects on
C. elegans fertility.
In Chapter 2, the results revealed that after ten generations of C. elegans exposure
to AgNO3, pristine Ag-NPs, or sAg-NPs (Fig. 5.1) all Ag treatments showed an increase
in the total number of germline mutations, though this increase was was not statistically
significant for any of the treatments when compared to controls. The only significant
increase was detected for the sAg-NP treatment for transversions. In our previous study,
multigenerational toxicity to growth and reproduction was observed for all the Ag
treatments after ten generations of exposure [116]. This suggests that accumulation of
germline mutations may affect the fitness of the nematodes. Some of the observed
mutations had predicted moderate and high impacts. The presence of such mutations in
genes involved in critical processes could have a significant effect on the nematode
fitness However, based on the previous results, AgNO3 and pristine Ag-NPs caused
greater reproductive toxicity. As such, higher levels of mutations for AgNO3 and pristine
Ag-NPs would be expected if mutations were the sole mechanism of acquired sensitivity.
Since the trend for the germline mutations only partially correlates with the results of the
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previous study, we concluded that other factors, such as epigenetic modifications, might
be involved.
Chapter 3 investigated the potential involvement of two histone methylation
marks, histone 3 lysine 4 dimethylation (H3K4me2) and histone 3 lysine 9 trimethylation
(H3K9me3), in the multigenerational reproductive toxicity using three generations of
exposure to AgNO3, Ag-NPs, and sAg-NPs and three generations of recovery from the
exposures. Transgenerational sterility in C. elegans has been linked with increased
H3K4me2 and decreased H3K9me3 levels [121, 122]. We observed significant
decreases in global methylation at H3K4me2 after exposure to AgNO3 and sAg-NPs and
increase in response to Ag-NPs (Fig 5.2). However, changes in the gene expression
levels measured for the corresponding methyltransferase and demethylases correlated
only with the response to Ag-NPs and sAg-NPs but not AgNO3. Interestingly after
recovery from pristine Ag-NP exposure in F6, the H3K4me2 levels were significantly
higher than the F0 levels suggesting inheritance of H3K4me2 levels in this treatment.
This could explain the transgenerational reproductive toxicity that was observed after
exposure to pristine Ag-NPs. The only change observed for methylation at H3K9me3
mark was in response to sAg-NPs. Despite exposure to sAg-NPs not previously inducing
heightened reproductive sensitivity until F10, there was a decrease in the global levels of
H3K9me3 after three generations of exposure and this correlated with the gene
expression levels of demethylase for H3K9me3. Since no significant changes in
H3K9me3 levels were observed after exposure to AgNO3 and pristine Ag-NPs, this
suggests that methylation at H3K9me3 mark may not be responsible for the induced
reproductive toxicity in C. elegans in these two treatments.
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Results from Chapter 4 indicate that global DNA methylation at the 6th position of
adenine (N6-methyl-2’-deoxyadenosine) may be involved in observed reproductive
toxicity but only for AgNO3 and not pristine Ag-NPs (Fig 5.3). There was a significant
increase in DNA methylation after exposures to AgNO3 for two generations (F2).
However, after two generations of rescue from the exposure to AgNO3, DNA methylation
levels returned to almost pre-exposed levels (F0). No significant changes were observed
for the pristine Ag-NP and sAg-NP treatments after exposure. However, the rescue from
exposure to sAg-NPs caused a significant decrease in global 6mdA levels when
compared to exposed populations suggesting that the rescue after exposure may have an
effect. Only increased levels of DNA methylation have been associated with sterility in
C. elegans [121]. This suggests that reproductive toxicity observed after AgNO3
exposure may be explained by higher levels of DNA methylation and that the
mechanisms involved in the observed multigenerational reproductive toxicity for AgNO3
may differ from those involved in pristine Ag-NP toxicity.
Overall, our results showed that exposure to the three different Ag treatments
resulted in distinct effects on the epigenetic marks assessed in this study. DNA
methylation was implicated in AgNO3-induced sensitivity to multigenerational
reproductive toxicity while histone methylation at H3K4me2 mark was implicated in
pristine Ag-NPs-induced sensitivity to reproductive toxicity. Evidence of
transgenerational inheritance of these changes was observed for pristine Ag-NP treatment
for global H3K4me2 levels, a potential explanation for why reproductive toxicity persists
in subsequent generations even after rescue from exposure. sAg-NPs cause different
epigenetic changes compared to pristine Ag-NPs, as we observed opposite trends in terms
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of histone methylation patterns for sAg-NPs when compared to pristine Ag-NPs.
Previous studies have shown that there are differences in transcriptomic responses
between these two Ag treatments [82, 138].
The DNA methylation and histone methylation markers investigated were
selected due to their correlation with transgenerational sterility observed using a C.
elegans spr-5 mutant strain [121, 122]. They were, therefore, a good starting point to
assess changes in these specific markers as reproductive toxicity was one of the most
sensitive endpoints after exposure to these different Ag treatments. We observed changes
in the levels of the selected epigenetic markers. However, it is plausible that other
histone methylation markers may be affected in response to these Ag treatments and
future search for other histone methylation markers involved might be warranted.
Also, global levels of the histone and DNA methylation only indicate the overall
net change without revealing the specific genomic locations where these changes occur.
Changes in levels at the transcription start position may affect transcription initiation
while changes within a coding region may affect splicing patterns [198-200]. The
changes observed in these epigenetic markers may explain the mechanisms for other
ecotoxicological endpoints that have been measured as well. Application of chromatin
immunoprecipitation sequencing (ChIP-Seq) for histone methylation and methylated
DNA immunoprecipitation sequencing (MeDIP-Seq) for DNA methylation are
warranted to yield a better understanding of the genomic locations of these changes and
the potential effects on specific genes.
Our results clearly indicate the importance of the epigenetic changes in the
multigenerational toxicity. There are also other epigenetic markers, such as small RNA
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levels, that have also been shown to be transgenerationally inherited in C. elegans after
removal of stressors [15-17] and may be one potential avenue by which transgenerational
inheritance of environmental responses is mediated. Exposure of human Jurkat T cells to
Ag-NPs and Ag ions reveal a differential pattern of induced micro RNA populations,
implicating changes in micro RNA as a possible epigenetic mechanism in Ag-NP toxicity
[201]. Investigating changes in the small RNA populations using RNA-Seq in response
to these different Ag treatments as well might be also the focus for the future studies.
Finally, other nanoparticles have also been shown to induce transgenerational
reproductive toxicity in C. elegans and other organisms [141-143]. Future studies can
determine if different nanoparticles and different model organisms share similar
mechanisms of toxicity or also induce similar changes in DNA methylation or histone
methylation that were observed in this dissertation research.
The effects of toxicants are usually investigated using acute single-generation
exposures. As such, long-term detrimental effects from chronic multigenerational
exposures at low environmentally relevant concentrations of the contaminants are not
accounted for during risk analysis. In fact, multigenerational effects, which can be used
for estimation and prediction of population health and growth, are not incorporated into
ecological risk assessment. Our current and previous results clearly indicate on the
importance of investigating the effects of multigenerational exposure to different
toxicants on subsequent exposed or unexposed generations to fully elucidate and predict
the risk posed by these toxicants to the ecological receptors and humans.
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Figures:

Figure 5.1. Summary of mutation accumulation after ten generations of
exposure of single C. elegans lineages to AgNO3, pristine silver nanoparticles
(Ag-NPs) and sulfidized Ag-NPs (sAg-NPs). Orange arrow indicates
significant difference from controls.

Figure 5.2. Summary of global histone methylation changes at two histone
methylation marks (H3K4me2 and H3K9me3) observed after three generations
of exposure of C. elegans (F3) to AgNO3, pristine silver nanoparticles (Ag-NPs)
and sulfidized Ag-NPs (sAg-NPs) and three generations of rescue from
exposures (F6). Orange arrow indicates significant difference from controls.
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Figure 5.3. Summary of global DNA methylation changes observed
after two generations of exposure of C. elegans (F2) to AgNO3, pristine
silver nanoparticles (Ag-NPs) and sulfidized Ag-NPs (sAg-NPs) and two
generations of rescue from exposures (F4). Orange arrow indicates
significant difference from controls.
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